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Abstract 
Harmful Algal Blooms (HABs) in the Gulf of Mexico (GOM) are natural phenomena that 
can have negative impacts on marine ecosystems on which human health and the economy of 
some Gulf States depends. Many of the HABs in the GOM are dominated by the toxic 
dinoflagellate Karenia brevis. Non-toxic phytoplankton taxa such as Scrippsiella sp. also form 
intense blooms off the Mexican coast that result in massive fish mortality and economic losses, 
particularly as they may lead to anoxia.  
The main objectives of this dissertation were to (1) evaluate and improve the techniques 
developed for detection of Karenia spp. blooms on the West Florida Shelf (WFS) using satellite 
remote sensing methods, (2) test the use of these methods for waters in the GOM, and (3) use 
the output of these techniques to better understand the dynamics and evolution of Karenia spp. 
blooms in the WFS and off Mexico. 
The first chapter of this dissertation examines the performance of several Karenia HABs 
detection techniques using Moderate Resolution Imaging Spectroradiometer (MODIS) satellite 
images and historical ground truth observations collected on the WFS from August 2002 to 
December 2011. A total of 2323 in situ samples collected by the Florida Fish and Wildlife 
Research Institute to test for Karenia spp. matched pixels with valid ocean color satellite 
observations over this period. This dataset was used to systematically optimize variables and 
coefficients used in five published HAB detection methods. Each technique was tested using a 
set of metrics that included the F-Measure (FM). Before optimization, the average FM for all 
techniques was 0.47. After optimization, the average FM increased to 0.59, and false positives 
decreased ~50%. The addition of a Fluorescence Line Height (FLH) criterion improved the 
performance of every method. A new practical method was developed using a combination of 
FLH and Remote Sensing Reflectance at 555 nm (Rrs555-FLH). The new method resulted in an 
FM of 0.62 and 3% false negatives, similar to those from more complex techniques. The first 
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chapter concludes with a series of recommendations on how to improve the detection techniques 
and how to take these results a step further into a Gulf wide observing systems for HABs.  
In chapter two, ocean color techniques were used to examine the extension, evolution 
and displacement of four Karenia spp. events that occurred in the WFS between 2004 and 2011. 
Blooms were identified in the imagery using the new Rrs-FLH method and validated using in situ 
phytoplankton cell counts. The spatial extension of each event was followed in time by delineating 
the blooms. In 2004 and 2005, the WFS was affected by a series of hurricanes that led to high 
river discharge and intense sediment resuspension events. Both processes had an impact on 
HAB occurrence. For example, I tracked a Karenia spp. bloom found in late December 2004 
approximately 40-80 km offshore Saint Petersburg, which then expanded reaching an extension 
of >8000 km2 in February 2005. The bloom weakened in spring 2005 and intensified again in 
summer reaching >42,000 km2 after the passage of hurricane Katrina in August 2005. This bloom 
covered the WFS from Charlotte Harbor to the Florida Panhandle. Two other cases were studied 
in the WFS. The results of the Hybrid Coordinate Ocean Model from the U.S. Navy aid 
understanding the dispersal of the blooms. 
During fall 2011, three field campaigns to study HABs in Mexico were conducted to do an 
analysis of optical properties and explore the possibility of using ocean color techniques to 
distinguish between the main phytoplankton blooms in that region. Three main bloom scenarios 
were observed in the Campeche Bank region: massive diatom blooms, blooms dominated by 
Scrippsiella spp., and Karenia spp. blooms. The normalized specific phytoplankton absorption 
spectra were found to be different for Karenia spp. and Scrippsiella sp. blooms. A new technique 
that combines phytoplankton absorption derived from MODIS data and the new technique 
developed in Chapter One showed potential for a detection technique that can distinguish 
between Karenia and Scrippsiella blooms. 
Additional work is needed to improve the new technique developed for Mexican waters, 
but results show potential for detection techniques that can be used Gulf-wide. This will help 
better understand the dynamic and possible connectivity of phytoplankton blooms in the GOM.
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Introduction 
Harmful Algal Blooms (HABs) in the Gulf of Mexico (GOM) are natural phenomena that 
can have negative impacts on marine ecosystems on which human health and the economy of 
some Gulf States depend, both in the USA and in Mexico. Many of the HABs in the GOM are 
dominated by the toxic dinoflagellate Karenia brevis. K. brevis produces brevetoxins, which are 
responsible for Neurotoxic Shellfish Poisoning (NSP), massive fish kills, marine animal mortality, 
and respiratory illness in humans (Steidinger et al., 2009).  
The diversity of HABs in the GOM has not fully been explored. In addition to Karenia 
blooms, other extensive mixed-species phytoplankton blooms are commonly reported in Mexico. 
For example, Alvarez-Gongora (2011) describes two main types of algal blooms off the Northern 
Yucatan Peninsula: a nearshore bloom dominated by diatoms, and a coastal-offshore bloom 
dominated by the dinoflagellate Scrippsiella trochoidea. Both can lead to massive fish mortality 
and economic losses, largely because of depletion of dissolved oxygen, rather than cell toxicity 
(Herrera-Silveira et al., 2004; Alvarez-Gongora and Herrera-Silveira, 2006). Karenia spp. had 
previously not been considered a major player off the Yucatan Peninsula, until reported for the 
first time in a bloom near Progreso, Yucatan, in August 2011 (Merino-Virgilio et al., 2012). 
Timely detection of these blooms is important for targeting monitoring programs as well 
as proving information regarding location and movement of a bloom to managers. Early 
precautionary measures like informing the public, closing beaches, and alerting the fisheries 
industry lowers the risk of food contamination and other human illnesses.  
In the last decade, increased awareness of the risks associated with these blooms has 
promoted the bi-national collaboration between scientists from the United States and Mexico with 
a common goal of developing an early warning and observing system for HABs using satellite 
imagery, other oceanographic observations, and ecological models (Soto et al., 2012).  
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Phytoplankton contain a variety of pigments, such as chlorophylls and carotenoids that 
are used during the photosynthesis process. When the concentration of phytoplankton increases, 
these pigments cause changes in the color of the water.  If the phytoplankton blooms are larger 
than a few kilometers square and highly concentrated (e.g., above ~5 x104 cells L-1 for Karenia 
spp.), these changes in the color of the ocean can be detected using imagery from ocean color 
satellites.  
Ocean color satellites measure light scattered by the surface waters of the ocean and 
materials contained in them. The ratio of visible light leaving the surface of the ocean (water 
leaving radiance, Lw) and the amount of sunlight entering the ocean (downwelling irradiance, Ed) 
is a measure of the albedo of these waters. One of the measurements commonly used to quantify 
constituents is the Remote Sensing Reflectance (Rrs(λ)). Rrs(λ) is modulated by the absorption 
and backscattering of four main constituents: water molecules, phytoplankton, non-algal particles 
such as detritus and sediments, and colored dissolved organic matter (CDOM or Gelbstoff).  
A major challenge to detect HABs is to distinguish phytoplankton from other constituents, 
such as CDOM or sediments. Phytoplankton pigments absorb strongly in the blue part of the 
spectrum (~400-500 nm), as does CDOM and detrital matter. Satellite-derived chlorophyll-a, 
frequently derived using a ratio between the Rrs at 443 and 551 nm, can be over-estimated in 
high CDOM waters. Other satellite products, such as fluorescence line height (FLH), take 
advantage of the solar-stimulated chlorophyll fluorescence peak observed in the red part of the 
spectrum. While FLH has its own set of problems in turbid waters (e.g., Gilerson et al., 2007; 
2008), this product has been successfully used to identify phytoplankton blooms in coastal waters 
(Hu et al., 2005).  
Distinguishing between different types of phytoplankton blooms, including HABs such as 
a Karenia spp. bloom, is also a challenge. Several techniques have been developed to address 
this (e.g., Cannizzaro et al., 2008; Amin et al., 2009; Cheng et al., 2009; Tomlinson et al., 2009; 
Carvalho et al., 2010; 2011). It is important to know (1) which of these methods works best and 
under what conditions, (2) can they be implemented in other regions, and (3) can they be used to 
distinguish between blooms. 
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The main objectives of this dissertation were to (1) evaluate and improve the techniques 
developed for detection of Karenia blooms on the West Florida Shelf (WFS) using satellite remote 
sensing methods, (2) test the use of these methods for waters off Mexico in the GOM, and (3) 
use the output of these techniques to better understand the dynamics and evolution of Karenia 
blooms in the WFS and off Mexico. 
The first chapter of the dissertation is “Evaluation and optimization of remote sensing 
techniques for detection of Karenia brevis blooms in the Gulf of Mexico”. This chapter consists of 
a comprehensive statistical evaluation of five detection techniques used for Karenia blooms using 
a large in situ phytoplankton dataset and ocean color data from the MOderate High Resolution 
Radiometer (MODIS) sensor onboard the Aqua satellite. A comprehensive set of metrics were 
use to evaluate their performance in different regions in the West Florida Shelf and those 
measurements were also used to explore the potential for improvement in each technique. A new 
and simplified detection technique for Karenia spp. blooms using only two thresholds for FLH and 
Rrs (555 nm) is introduced. This new technique performs similarly or better than the optimized 
techniques, and it minimized potential errors associated with the derivation of more complicated 
satellite products, such as complicated computations to estimate backscattering coefficients from 
satellite data. The first chapter offers a series of recommendations on how to improve the 
detection techniques, the pro’s and con’s of the different algorithms, and suggestions on how to 
take these results a step further to help develop an observing system for HABs.  
The second chapter is “Visualization and quantification of Harmful Algal Blooms in the 
West Florida Shelf using ocean color imagery”. This chapter uses the new techniques developed 
in Chapter One to delineate the spatial extension and movement of four Karenia spp. bloom study 
cases in the WFS. The output from the new technique was combined with visual interpretation, 
multiple validations from other techniques, and in situ data to delineate the blooms in each image. 
The delineations were conservative in scope, only defining areas for which there are high degree 
of certainty that a bloom was dominated by Karenia spp. The delineations were useful to visualize 
the spatial extent and movement of blooms, and to understand the evolution of the events in 
relation to episodic events such as hurricanes. The results emphasize the utility of satellite 
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imagery to obtain a synoptic view of these phenomena, with good spatial and temporal coverage. 
This chapter is complemented by data from ocean circulation models and nutrient budgets. 
The third chapter is “Comparison of Harmful Algal Blooms in Florida and Mexico using 
satellite and bio-optical observations”. The main objective of the third chapter was to study HABs 
in the Campeche Bank, Mexico, and to explore the potential for the development of detection 
techniques that can distinguish between different blooms observed in the region. Specifically, 
three major types of blooms were observed: Karenia spp., Scrippsiella sp., and mixed diatoms 
blooms. In this chapter, I present data collected during three field campaigns in Mexico in 2011, 
and compare them with similar data collected on the WFS the same year. This is the first bio-
optical dataset collected for this region. The objective of analyzing the optical data was to find 
whether there are differences between the three types of blooms that may be used to refine 
remote sensing detection techniques. A new technique to distinguish between Karenia spp. and 
Scrippsiella sp. blooms is proposed based on these results. 
HABs in Mexican waters of the GOM are poorly understood and under-studied. This 
dissertation attempts to gain some insight on the occurrence, frequency, and distribution of these 
blooms. This dissertation introduces new and innovative detection techniques that can distinguish 
between different phytoplankton blooms and that are applicable over the entire Gulf of Mexico. 
Future work needs to further integrate coupled physical-biological oceanographic models to 
capture the three dimensionality and nutrient dynamics of HABs. 	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Chapter 1: Evaluation and optimization of remote sensing 
techniques for detection of Karenia brevis blooms in the West 
Florida Shelf 	  
1.1. Abstract 
The performance of several Karenia brevis harmful algal bloom (HAB) remote sensing 
detection techniques was tested using Moderate Resolution Imaging Spectroradiometer (MODIS) 
satellite images and historical ground truth observations collected in the West Florida Shelf 
(WFS) from August 2002 to December 2011. A total of 2323 phytoplankton cell count samples 
collected by the Florida Fish and Wildlife Research Institute (FWRI) matched valid ocean color 
satellite observations over this period. Of these, 2,079 pixels were non-Karenia blooms and 244 
pixels had K. brevis counts >50,000 cells L-1. This extensive dataset was used to systematically 
optimize variables and coefficients used in each of these published HAB detection methods. The 
effort also led to the development of a much simpler and practical algorithm with similar 
performance to the most accurate of the previous algorithms. Specifically, I tested methods that 
are based on detection of a) sudden CHL anomalies, b) blooms with low backscattering and/or 
low green (555 nm) remote sensing reflectance (Rrs), c) blooms showing a flat spectral shape 
around 490 nm, and d) high fluorescence and low backscattering properties in the red 
wavelength. Each technique was tested using the F-Measure (FM) statistic, which evaluates the 
proportion of satellite data pixels processed with each algorithm that matches or misclassifies the 
ground-based K. brevis observations. Before optimization, the average FM for all techniques was 
0.47. After optimization, the average FM increased to 0.59, and false positives decreased ~50%. 
The maximum FM was obtained by the optimized Red Band Difference technique (0.63). The 
addition of a Fluorescence Line Height (FLH) criterion improved the performance of every 
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method, and in particular the method using spectral shape at 490 nm and backscattering 
coefficients. The new practical method was developed using a combination of FLH and Rrs555. 
The method identifies K. brevis blooms as those pixels showing both FLH > 0.033 mW cm-2 µm-1 
sr-1 and Rrs(555) <0.007 sr-1, resulting in an FM of 0.62 and 3% false negatives, similar to those 
from the more complex Red Band Difference technique. Four case studies from the WFS were 
used to compare the output maps of the detection techniques with in situ phytoplankton data.   
1.2. Introduction 
Karenia brevis is an unarmored dinoflagellate that causes massive algal blooms in the 
West Florida Shelf (WFS) commonly known as Florida red tides.  K. brevis produces brevetoxins, 
which are responsible for Neurotoxic Shellfish Poisoning (NSP), massive fish kills, marine animal 
mortality, and respiratory illness in humans. The effects of K. brevis blooms are also extended to 
the economy of the region (Steidinger, 2009). The WFS K. brevis blooms are generally mono-
specific, highly concentrated (104 to 107 cells L-1), can cover large areas (> 10,000 km2), and can 
last up to several months. It is possible, therefore, to use satellite-based remote sensing methods 
to detect, characterize, and monitor these blooms. In this chapter, the performance of several K. 
brevis harmful algal blooms (HABs) remote sensing detection techniques published over the past 
20 years was examined. Aspects of several of these methods were combined in an effort to 
derive a more practical index that could be more easily implemented operationally. Each 
technique was systematically tested and optimized using Moderate Resolution Imaging 
Spectroradiometer (MODIS) satellite imagery and historical ground truth observations collected 
between August 2002 and December 2011.  
Substantial bio-optical and ecological research has been conducted for several decades 
ago with the aim of developing at least rudimentary algorithms to identify these K. brevis blooms 
from space. In 1978, the Coastal Zone Color Scanner (1978 – 1986) was first used to trace a 
major K. brevis bloom (Steidinger and Haddad, 1981). Since then, several HAB detection 
methods have used chlorophyll-a (CHL) estimates from the MODIS and Sea-viewing Wide Field-
of-view Sensor (SeaWiFS) satellite sensors (Tester and Stumpf, 1998; Thomas, 2002; Stumpf et 
al., 2003; Tomlinson et al., 2004). Many of these methods have challenges in determining the 
	  	   7 
nature and concentration of a bloom due to uncertainties in atmospheric correction, interference 
from other colored compounds like colored dissolved organic matter (CDOM), bottom reflection in 
shallow waters, and false alarms due to other phytoplankton blooms (Tomlinson et al., 2004; Hu 
et al., 2005; Wynne et al., 2005; Cannizzaro et al., 2008; Hu et al., 2008). To overcome some of 
these difficulties, the fluorescence line height (FLH) product from the MODIS sensors was used to 
develop indices for red tides (Hu et al., 2005). The FLH product is derived using MODIS bands 13 
(667 nm), 14 (678 nm), and 15 (748 nm), which measure the red part of the surface ocean 
reflectance spectrum that contains the information for solar-stimulated chlorophyll fluorescence 
(Letelier and Abbott, 1996). 
Hu et al. (2005) combined MODIS FLH and enhanced Red-Green-Blue (ERGB) images 
(composite of the water-leaving radiance at 551 (R), 488 (G), and 443 nm (B)) to detect and trace 
K. brevis HABs. Over the WFS, strong absorption of blue light in water patches where both 
CDOM and chlorophyll are present often leads to dark water ("black water"), while bottom 
reflectance or sediment resuspension leads to lighter-colored areas in the ERGB imagery (Hu et 
al., 2003). The FLH and ERGB detection technique allows differentiation between waters with 
high CDOM and those with high chlorophyll by using the FLH images. The ERGB images help 
identify areas affected by sediment and bottom reflectance. However, this technique was not 
developed for automatic detection and requires visual image interpretation. 
Earlier attempts to model the optical properties of K. brevis blooms suggested that they 
exhibit lower backscattering per unit chlorophyll (Carder and Steward, 1985; Mahoney, 2003). 
Cannizzaro et al. (2008) showed that K. brevis blooms had 3-20 times lower particulate 
backscattering coefficients (bbp(λ)) than diatom-dominated waters for similar chlorophyll 
concentrations; and this led to a 3 to 4 times lower remote sensing reflectance (Rrs(λ)). K. brevis 
is a relatively large cell (20-40 µm) that does not backscatter light efficiently and has a low index 
of refraction (Mahoney, 2003). In addition to this, Cannizzaro et al. (2008; 2009) suggested that 
the lower bbp(λ) may be due to lower detrital concentrations associated with these blooms 
because of lower grazing pressure in response to cell toxicity. Based on these findings, 
Cannizzaro et al. (2008; 2009) suggested an algorithm for detection of K. brevis blooms based on 
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two main criteria: (1) K. brevis blooms can exhibit lower bbp(λ) values than the relationship 
established by Morel (1988) between CHL and bbp(λ) for Case 1 waters, and (2) CHL 
concentrations >1.5 mg m-3. 
The addition of a FLH criterion to this technique was initially suggested by Cannizzaro et 
al. (2008). This was then refined by Hu et al. (2008; 2011, Table 1.1). Carvalho et al. (2011) 
suggested that the calculation of bbp(λ) using satellite data introduces errors to the technique of 
Cannizzaro et al. (2008). They suggested that the water leaving radiance at 555 nm (Lw (555)) 
can be used to assess the backscattering characteristics of K. brevis blooms relative to other 
waters, and that it can be used instead of bbp(λ). Carvalho et al. (2008; 2011) technique retains 
the same criteria as the technique suggested by Cannizzaro et al. (2008) with the only 
substitution being the bbp(555) for Lw (555).  
Tomlinson et al. (2009) suggested that the low backscattering in K. brevis blooms and 
low detrital absorption may affect the spectral curvature of reflectance in the blue region of the 
spectrum. Based on this, Tomlinson et al. (2009) suggested a technique using the spectral shape 
around 490 nm to differentiate K. brevis blooms from other blooms. Amin et al. (2009) then 
suggested a technique called the Red Band Difference (RBD) coupled with a K. brevis Bloom 
Index (KBBI). The RBD-KBBI technique takes advantage of the fluorescence properties and the 
low backscattering characteristic of K. brevis blooms in the red; and it attempts to reduce the 
effects of non-algal particles when calculating fluorescence. Several other methods for satellite 
detection of K. brevis blooms, like image segmentation (Zhang et al., 2002), artificial intelligence 
approaches (Cheng et al., 2009), and combination of techniques (Carvalho et al., 2010), have 
been suggested. Table 1.1 provides a brief description of several techniques for K. brevis bloom 
detection.  
In this paper, I compared the following Karenia spp. bloom detection techniques: (1) 
Stumpf CHL anomaly (Stumpf et al., 2003), (2) Tomlinson spectral shape (Tomlinson et al., 
2009), (3) Cannizzaro bbp ratio (Cannizzaro et al., 2008; 2009; Hu et al., 2011), (4) Amin RBD- 
KBBI technique (Amin et al., 2009), (5) a technique similar to the one suggested by Carvalho et 
al. (2010) but using Rrs (555) instead of Lw(555), (6) a combination of techniques (hybrid 
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Table 1.1. Summary list of existing K. brevis HAB detection techniques developed for the WFS.   
Detection 
Technique 
Reference Description and Implementation 
CHL anomaly (Stumpf et al., 2003; 
Tomlinson et al., 
2004) 
Difference in CHL values between a single image and the mean over 
2 months ending 2 weeks prior to the image. A CHL anomaly of >1 mg 
m-3 is flagged as a bloom. 
FLH and ERGB (Hu et al., 2005) Visual inspection of FLH and ERGB images to delineate and track the 
K. brevis blooms in the WFS. 
Benthic 
resuspension 
correction 
(Wynne et al., 2005) First calculate an anomaly of Rrs(670) similarly to the CHL anomaly 
method of Stumpf et al., (2003). Then calculate resuspended benthic 
chlorophyll by multiplying the Rrs (670) anomaly by 200 µg sr L-1.  
Lastly, it subtracts the resuspended benthic chlorophyll to the CHL 
anomaly (derived by Stumpf et al., 2003).  
bbp ratio (Cannizzaro et al., 
2004; 2008; 2009) 
Assumes that bbp (551) of K. brevis blooms is lower than the 
relationship of Morel (1988) between CHL and bbp established for 
Case 1 waters. If CHL is greater than 1.5 mg m-3 and bbp (551) is less 
than bbp calculated with the Morel (1998) model then the pixel is 
flagged as a K. brevis bloom. 
Rrs ratio (Carvalho, 2008; 
Carvalho et al., 
2011) 
Estimates the relationship between water leaving radiance (Lw (551)) 
and CHL. If Lw(551) is lower than the total due to scatter calculated at 
λ=550 nm (bbp MOREL(550); Morel, 1988) as function of CHL then the 
pixel is classified as a K. brevis bloom.  
Spectral shape at 
490 nm 
(Tomlinson et al., 
2009) 
Calculates the spectral shape at 490 nm (SS_490) using nLw: 
SS_490=nLw(490)-nLw(443)-(nLw(510) – 
nLw(443))×((490−443)÷(510−443)) 
A negative SS_490 is indicative of a K. brevis bloom. This technique 
was initially suggested for SeaWiFS. 
RBD-KBBI (Amin et al., 2009) Combines the high fluorescence and low backscattering properties of 
K. brevis blooms in 2 main equations: 
RBD=nLw(678)-nLw(667) 
KBBI=(nLw(678)-nLw(667))/(nLw(678)+nLw(667)) 
A K. brevis bloom should meet the following criteria: 
RBD > 0.15 W m-2 µm-1 sr-1, and KBBI > 0.3*RBD 
Artificial Intelligence (Cheng et al., 2009) Nearest neighbors, random forests and support vector machines  
Hybrid scheme 
(Combination of 
techniques) 
(Carvalho et al., 
2010) 
A combination of the bbp and the Lw ratio technique. A pixel is flagged 
as a K. brevis bloom when an algorithm applying both the bbp ratio and 
Lw ratio technique yield positive results.  
 
 
technique) as suggested by Carvalho et al. (2010).  The main objective was to evaluate the 
performance of the algorithms in different regions of the WFS and to improve their performance 
by fine-tuning their criteria. Statistical measures commonly used for image analysis techniques 
(e.g., F-measures, specificity and sensitivity) were used to optimize the techniques by finding the 
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criteria and thresholds that result in the best performance. A second objective was to test the 
performance of a new and simpler detection technique using only FLH and Rrs (555) satellite 
data.  All the detection techniques were tested in four study cases for the WFS. 
1.3. Data and methods 
1.3.1. Study area 
This chapter will focus on the WFS [24-31°N, 80-88°W, Fig. 1.1]. The WFS was subdivided 
into North (NWFS, [28-31°N]), Central (CWFS, [26-28°N]), and South-WFS (SWFS, [24-26°N]). 
An extensive in situ database of K. brevis cell counts was assembled by the Florida Fish and 
Wildlife Conservation Commission’s Fish and Wildlife Research Institute (FWC-FWRI). This is an 
event-response database that also contains data from programs such as the Ecology and 
Oceanography of Harmful Algal Bloom (ECOHAB)- Florida project (FWC, University of South 
Florida, Mote Marine Laboratory, and 10 other institutions). I used data collected from mid-August 
2002 to December 2011 that matched available data collections obtained with the MODIS-Aqua 
sensor. Sample locations within two kilometers from the coastline and inside bays or lagoons 
were discarded. Throughout the study, the concentrations of all Karenia spp. identified (e.g., K. 
brevis, K. mikimotoi, K. papilionacea) in each sample were aggregated. After a rigorous quality 
control on both satellite and in situ, 2,323 valid pixels matched in situ observations. Of these, 
2,079 pixels were non-Karenia blooms (these are later referred to as non-red tide or nrt) and 244 
pixels had K. brevis counts >50,000 cells L-1 (redtide pixels or rt). Figure 1.2 shows sampling 
locations and the frequency of match-up samples. 
1.3.2. Ocean color satellite data 
Ocean color data from the MODIS-Aqua sensor covering the period of mid-August 2002 to 
December 2011 were downloaded from the NASA Goddard Space Flight Center (GSFC; 
http://oceancolor.gsfc.nasa.gov/). Specifically, I obtained the following products: Chlorophyll-a 
concentration estimates or CHL (mg m-3; OC4v4; O’Reilly et al., 2000), Rrs (λ) (sr-1) at 10 
wavelengths, and FLH (mW cm-2 µm-1 sr-1; Letelier and Abbott, 1996). Images were mapped to a 
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Figure 1.1. Map of the GOM showing the WFS, the Yucatan Peninsula and Charlotte Harbor 
regions (red boxes). FL= Florida, AL=Alabama, MS= Mississippi, LA= Louisiana, TX=Texas, 
TAM=Tamaulipas, VER= Veracruz, TAB= Tabasco, CAM= Campeche, YUC= Yucatan, 
Q.R.=Quintana Roo. 	  
cylindrical equidistant projection using the SeaWiFS Data Analysis System (SeaDAS, version 
6.1). Daily composites were computed for the GOM region (18-31 N and 79 - 98 W) at 1-km 
resolution. Level-2 flags (atmospheric correction failure, land, very high or saturated radiance, 
high sensor view zenith angle, stray-light contamination, clouds, high solar zenith angle, band 
navigation failure, and CHL warning) were applied to discard low-quality data prior to 
implementing the detection techniques and extracting the match-ups with near-concurrent in situ 
cell counts data. 
To implement the HAB detection techniques, I derived several additional bio-optical 
products. Normalized water-leaving radiances (nLw (λ), mW cm-2 µm-1 sr-1) were calculated by 
multiplying Rrs by the mean solar irradiances (Fo). Particulate backscattering at 555nm (bbp 
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Figure 1.2. Map of Florida showing the FWRI in situ cell counts matchups with satellite data.  	  
(555)) was calculated using Rrs (443, 555) and the Quasi-Analytical Algorithm (QAA, Lee et al., 
2002). To derive the ERGB images, I used a green-blue-blue composite of Rrs (λ) (551, 488, and 
443 nm). These were calculated with scripts developed using the Interactive Data Language 
(IDLTM) programming language.  
1.3.3. Comparison of HAB detection techniques 
Five HAB detection techniques (Stumpf CHL anomaly, Tomlinson spectral shape, 
Cannizzaro bbp ratio, Amin RBD-KBBI and Carvalho Rrs ratio) were compared and tested against 
HAB ground truth observations from the WFS. I also tested combinations of techniques and refer 
to these as ‘hybrid’, as suggested by Cheng et al. (2009) and Carvalho et al. (2011). Based on 
these efforts I introduced a new technique using only FLH and Rrs (555). The later techniques are 
further explained in Section 2.5. The five main HAB detection techniques were implemented as 
follows (Table 1.1):  
(1) Stumpf CHL anomaly: The method of Stumpf et al. (2003) is based on the difference 
in CHL values between a single image and the mean over 2 months ending 2 weeks prior to the 
image. A CHL anomaly of >1 µg L-1 was flagged as a bloom. 
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Stumpf et al. (2009) provided a list of rules that should be considered in applying this 
method. This technique should only be applied from August to January and from Pinellas to 
Collier Counties. However, in this chapter, the CHL anomaly was not temporally and spatially 
restricted as blooms can occur anytime of the year and Gulf wide. 
(2) Cannizzaro bbp ratio: The bbp ratio is determined based on Cannizzaro et al. (2008), 
and is based on the criterion that bbp (555) of K. brevis blooms is lower than that given by the 
Morel (1988) relationship between CHL and bbp for Case 1 waters (waters whose optical 
properties are determined primarily by phytoplankton and co-varying CDOM and detritus): 
bbp,(Morel)=0.3×CHL0.62 × (0.002 + 0.02 × (0.5 − 0.25 × log10CHL)) 
The implementation of this technique using satellite imagery depends on the calculation 
of bbp (555). Cannizzaro et al. (2004; 2008) suggested the use of the regional semi-analytical bbp 
algorithm developed specifically for the WFS by Carder et al. (1999). The bbp (555,Carder) was 
calculated as follows: 
bbp,(555,Carder)=2.058×Rrs(555)−0.00182 
Hu et al. (2011) suggested instead the use of the QAA algorithm to retrieve bbp (Lee et 
al., 2002). I implemented and tested the bio-optical technique using both Carder and the QAA bbp 
algorithms and compared the results. A pixel was flagged as red tide if (a) bbp (555, QAA or 
Carder) was less than bbp (Morel) (i.e. bbp ratio (bbp, QAA or Carder/ bbp, Morel <1), (b) CHL was 
higher than 1.0 mg m-3, and (c) FLH was above 0.01 mW cm-2 µm-1 sr-1.  
(3) Carvalho Rrs ratio: Carvalho et al. (2011) found that satellite-derived bbp estimates 
introduce errors that affect detection of HABs. Instead of using bbp, Carvalho et al. (2011) 
suggested the use of water leaving radiance (Lw) at 551nm.  However, Lw is not normalized for 
the solar/viewing geometry, which can vary greatly with seasons, latitude, and scan/orbit 
configuration. To avoid variability due to the solar/viewing geometry, I used Rrs (555 nm) data. 
The criteria and thresholds are the same as the Cannizzaro bbp ratio technique, except bbp (555) 
was substituted by Rrs (555).  
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(4) Tomlinson Spectral shape: The method of Tomlinson et al. (2009) was adapted for 
MODIS data. To compute the spectral shape at 488 nm, Rrs for 443, 488 and 531 nm were first 
converted to nLw. The equation used for the implementation of the spectral shape was: 
SS490=nLw488− nLw443−(nLw531−nLw443)×((488−443)÷(531−443)) 
A pixel was flagged as red tide if SS490 was less than 0. 
(5) Amin Red Band Difference – K. brevis Bloom Index (RBD-KBBI): The method of 
Amin et al. (2009) combines the high fluorescence and low backscattering properties of K. brevis 
blooms in 2 equations:  
RBD=nLw(678)- nLw (667) 
KBBI=(nLw (678)- nLw (667))/( nLw (678)+ nLw (667)) 
A pixel was flagged as a red tide if RBD was > 0.015 mW cm-2 µm-1 sr-1 and KBBI was > 0.3*RBD.   
1.3.4. Pixel-based measures of success  
The output of the pixel-based comparison was presented in a confusion matrix (classifier 
performance matrix). The input were in situ data used as ground truth, identified as red tide (rt) or 
non- red tide (nrt) pixels, and the output were the results of the various satellite-detection 
techniques as red tide (RT) or non red tide (nRT). The confusion matrix consists of 4 categories: 
(A) rt classified as RT (rt-RT, success), (B) rt classified as nRT (rt-nRT, false negative), (C) nrt 
classified as RT (nrt-RT, false positive), (D) nrt classified as nRT (nrt-nRT, success). Several 
statistical measures were used to assess the success of the detection techniques. The 
performance was evaluated by the sensitivity or “recall” (A/[A+B], ability to accurately identify red 
tide pixels), “precision” (A/[A+C], proportion of predicted red tide classification), “specificity” 
(D/[C+D], ability of the technique to accurately identify non red tide pixels), false positive 
(C/[C+D], number of red tide misclassifications), and false negatives (B/[A+B], number non red 
tide misclassifications). The F-measure (FM, Chinchor, 1992) was used to describe the overall 
accuracy (Cheng et al., 2009; Carvalho et al., 2011). The FM is the harmonic mean of recall and 
precision. The calculation for the FM is the following: 
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If β=1, then FM=2A/(2A+B+C) 
If β=1 then an equal weight (or importance) between recall and precision is assumed. For β<1 the 
weight is shifted towards precision, and if β>1 then the weight is towards recall. In this chapter, I 
used β=1. 
1.3.5. Optimization  
The performance of the detection techniques depends on the thresholds used by each 
technique. For example, the Tomlinson spectral shape technique uses a criterion that pixels with 
“SS490 < 0” represent a Karenia spp. bloom. The threshold in this case is SS490 = 0.  I sought to 
improve the performance of each algorithm by systematically changing thresholds and testing 
whether the rate of detection of red tides and non red tide pixels could be improved based on the 
FM, quantifying the rate of false alarms, the specificity, and the sensitivity. FM was re-calculated 
with variable thresholds until obtaining the maximum FM. For example, during the optimization of 
the Tomlinson spectral shape technique, I took the criterion SS490 < X where X is the threshold; 
and changed X between -0.3 to 1.8 in increments of 0.1. For each change, the program 
calculated the detection performance (FM, A, B, C, D). The threshold range is based on the full 
dynamic range of the dataset (summarized in Table 1.2). For the Amin RBD-KBBI technique, I 
tested the optimization results of changing the second criterion “KBBI ≥ X*RBD” to “KBBI ≤ 
X*RBD”, where X was the threshold to be determined. I refer this technique as the Modified Amin 
RBD-KBBI. 
Cheng et al. (2009) and Carvalho et al. (2011) suggested that elements of different 
techniques might be combined to provide better HAB detection results. I tested which thresholds 
would result in the best performance for the combination of the following algorithms: 
1) Tomlinson Spectral shape + FLH 
2) Tomlinson spectral shape + CHL 
3) Cannizzaro bbp (QAA) ratio + FLH + Tomlinson spectral shape 
4) Cannizzaro bbp (Carder) ratio + FLH + Tomlinson spectral shape 
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Table 1.2. Thresholds used during the optimization of the detection techniques. 
Detection Technique Threshold equation  Threshold range 
bbp ratio (QAA, Carder), Rrs 
ratio 
CHL ≥ CHL_threshold 
FLH ≥ FLH_threshold 
Ratio ≤ ratio_threshold 
CHL_threshold=[0.5-3] 
FLH_threshold=[0.005-0.1] 
ratio_threshold=[-3-10] 
Spectral shape, Spectral 
shape + CHL Spectral 
shape + FLH 
SS ≤ SS_threshold                              
CHL ≥ CHL_threshold 
FLH ≥ FLH_threshold 
SS_threshold=[-0.3-1.8] 
CHL_threshold=[0.5-3] 
FLH_threshold=[0.005-0.1] 
FLH  FLH ≥ FLH_threshold FLH_threshold=[0.005-0.1] 
FLH and Rrs (555) FLH ≥ FLH_threshold 
Rrs (555) ≤ Rrs_threshold 
FLH_threshold=[0.005-0.1] 
Rrs_threshold=[0.001-0.5] 
RBD-KBBI RBD ≥ RBD_threshold 
KBBI≥ KBBI_threshold*RBD 
RBD_threshold=[0-1] 
KBBI_threshold=[0.2-0.8] 
Modified RBD-KBBI RBD ≥ RBD_threshold 
KBBI ≤ KBBI_threshold*RBD 
RBD_threshold=[0-1] 
KBBI_threshold=[0.2-0.8] 
Combination: bbp ratio 
(QAA, Carder), Rrs ratio + 
Spectral Slope + FLH  
FLH ≥ FLH_threshold 
Ratio ≤ ratio_threshold         
SS ≤ SS_threshold  
FLH_threshold=[0.005-0.1] 
ratio_threshold=[-3-10] 
SS_threshold=[-0.3-1.8] 
Combination: RBD-KBBI + 
Spectral Shape  
RBD ≥ RBD_threshold 
KBBI ≤ KBBI_threshold*RBD 
SS ≤ SS_threshold  
RBD_threshold=[0-1] 
KBBI_threshold=[0.2-0.8] 
SS_threshold=[-0.3-1.8] 
Combination: RBD-KBBI + 
Rrs ratio 
RBD ≥ RBD_threshold 
KBBI ≤ KBBI_threshold*RBD 
Ratio ≤ ratio_threshold  
RBD_threshold=[0-1] 
KBBI_threshold=[0.2-0.8] 
ratio_threshold=[-3-10] 
 
 
5) Carvalho Rrs (555) ratio + FLH + Tomlinson spectral shape 
6) Modified Amin RBD-KBBI + Tomlinson spectral shape 
7) Modified Amin RBD-KBBI + Carvalho Rrs (555) ratio 
One objective of this research was to derive a simplified detection technique with a 
satisfactory performance. The optimization tests led to the conclusion that a viable algorithm can 
be constructed using only FLH and Rrs(555) thresholds. For K. brevis blooms, FLH accounts for 
the increase in chlorophyll and Rrs(555) responds to the increase in absorption and decrease in 
backscattering during blooms (i.e., dark color waters). The use of Rrs(555) also eliminates the 
bright waters (due to either suspended sediments or shallow bottom) as being falsely classified 
as K. brevis blooms for their high FLH values. I therefore propose a new technique that uses only 
two criteria to flag pixels as red tide when these criteria are met (1) FLH ≥ FLH threshold and (2) 
Rrs(555) ≤ Rrs threshold. The FLH and Rrs thresholds were determined using the optimization 
process. 
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1.3.6. Case studies 
In addition to the pixel-wise performance matrix, four case studies were also used to 
evaluate the performance of each detection technique, where a series of images were generated 
using each technique and then evaluated. For each case, I implemented the original detection 
techniques, the optimized versions, and the new Rrs and FLH technique. The output maps for the 
WFS study cases were compared to the in situ data available from FWRI. Comparisons were 
made for same-day observations or using adjacent days if there were insufficient matchups (< 5 
match-ups).  
1.4. Results 
1.4.1. Pixel-wised evaluation  
In situ cell count data were paired to MODIS satellite pixels. Pixels within 2 km from 
shore or failed the Level-2 quality control flags were excluded from this analysis. The five 
detection techniques described above were applied to each match-up pairs (2,323 in total). 
Confusion matrices and statistical results are summarized in Table 1.3. For all the original 
techniques (not hybrid or modified), red tide pixels were identified correctly between 40 to 80% of 
the time (average=55%). The number of non red tide pixels classified incorrectly as red tide was 
low (range 2-20%, average=10%). The average FM was 0.46, ranging from 0.34 (Stumpf CHL 
anomaly) to 0.57 (Amin RBD-KBBI). The average sensitivity and specificity were 0.55 and 0.90, 
and the percent average of false positive and negatives were 10% and 45%, respectively.  
The Amin RBD-KBBI technique had the highest FM (0.57), highest specificity (0.97), and 
the lowest percentage of false positives (3%). However, the sensitivity was low (0.48) and the 
percentage of false negatives was high (51%). The Stumpf CHL anomaly had the lowest FM 
(0.34), the lowest sensitivity (0.41), and the highest percentage of false negatives (59%), with an 
average specificity (0.88). For most techniques, when the sensitivity was high, the specificity was 
low, and vice versa. For example, the Carvalho Rrs ratio technique had the highest sensitivity 
(0.81), but the lowest specificity (0.80).   
The performance of the Cannizzaro bbp ratio technique was different depending on the 
bbp algorithm used. The FM for the Cannizzaro bbp ratio technique was higher when using 
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bbp(Carder; 0.50) than bbp(QAA; 0.46). The bbp(Carder) increased the sensitivity (0.64) of the 
algorithm compared to the bbp(QAA; 0.44), but the contrary occurred for the specificity. Figure 1.3 
shows a comparison between bbp(Carder) and bbp(QAA), with a correlation coefficient of 0.85. 
The values were similar for pixels located between 24°N and 28°N. North of 28° N, bbp(Carder) 
was lower than bbp(QAA). 
To assess whether there were regional differences in the algorithms, the results of the 
detection techniques were examined separately for the three sub-regions defined for the WFS. 
Due to the more intensive field sampling efforts over the years in the CWFS, this region had more 
matching pixels. Most of the detection techniques performed better for the CWFS region and the 
worst in the SWFS. The highest FM for the NWFS and CWFS was obtained using the Amin RBD-
KBBI technique (0.55 and 0.61), and in the SWFS the Cannizzaro bbp (Carder) ratio technique 
(FM=0.48). In the NWFS, Rrs ratio technique had the highest sensitivity (0.93), however it had the 
highest percentage of false negatives among all techniques and regions (37%). The average of 
the specificity percentages were the highest for the SWFS (96%), then for the CWFS (90%), and 
the lowest for the NWFS (81%). The average sensitivity was highest for the NWFS (62%), then 
the CWFS (59%), and the lowest for the SWFS (35%). The average percentage of false 
negatives was the highest for the SWFS (65%), and lower for both the NWSF and CWFS (38%). 
The average percentage of false positives was highest for the NWSF (20%), then CWFS (10%), 
and the lowest for the SWFS (4%). 
1.4.2. Optimization 
The results of the optimization are summarized in Table 1.4. Optimization increased the 
FM for all techniques from an average of ~0.47 to ~0.59. The percentage of false positives 
decreased 50%. The optimization of the bbp ratio and Rrs ratio techniques increased the FM ~0.48 
to 0.62. The ratio thresholds (e.g., bbp ratio (bbp, QAA or Carder/ bbp, Morel) <1) that obtained the 
maximum FM did not change for the bbp (Carder) ratio technique or the Rrs ratio technique. 
However, in the bbp ratio technique when using bbp(QAA) the ratio threshold increased to 3 (bbp, 
QAA / bbp, Morel)<3). The FLH thresholds for both the bbp ratio (QAA or Carder) and Rrs ratio 
techniques increased between 0.025 and 0.033 mW cm-2 µm-1 sr-1 and the CHL thresholds  
 
 
 
Table 1.3. Pixel-wise comparison of HAB detection techniques for the WFS. (A) in situ red tide classified as red tide (rt-RT), (B) in situ red tide 
classified as non red tide (rt-nRT), (C) in situ non-red tide classified as red tide (nrt-RT), (D) in situ non red tide classified as non red tide (nrt-nRT). 
FM=2*A/(2*A+C+B). Sensitivity is the ability of the technique to accurately identify red tide pixels, specificity is the ability of the technique to 
accurately identify non red tide pixels, false positives is the percent of red tide misclassifications, and false negatives is the percent of non red tide 
misclassifications. 
Technique  Region A (rt-
RT) 
B (rt-
nRT) 
C (nrt-
RT) 
D (nrt-nRT) FM  Sensitivity 
A/(A+B) 
Specificity 
D/(C+D) 
False 
pos. % 
B/A+B 
False 
neg.  % 
C/C+D 
bbp ratio (Carder) WFS 156 88 219 1860 0.504 0.639 0.895 36.1 10.5 
bbp ratio (QAA) WFS 108 136 115 1964 0.463 0.443 0.945 55.7 5.5 
CHL Anomaly WFS 99 140 238 1809 0.344 0.414 0.884 58.6 11.6 
Spectral shape WFS 120 124 242 1837 0.396 0.492 0.884 50.8 11.6 
RBD-KBBI WFS 118 126 54 2025 0.567 0.484 0.974 51.6 2.6 
Rrs ratio WFS 197 47 419 1660 0.458 0.807 0.798 19.3 20.2 
bbp ratio (Carder) NWFS 33 12 111 450 0.349 0.733 0.802 26.7 19.8 
bbp ratio (QAA) NWFS 24 21 57 504 0.381 0.533 0.898 46.7 10.2 
CHL Anomaly NWFS 14 30 97 444 0.181 0.318 0.821 68.2 17.9 
Spectral shape NWFS 31 14 167 394 0.255 0.689 0.702 31.1 29.8 
RBD-KBBI NWFS 22 23 13 548 0.550 0.489 0.977 51.1 2.3 
Rrs ratio NWFS 42 3 208 353 0.285 0.933 0.629 6.7 37.1 
bbp ratio (Carder) CWFS 104 45 96 704 0.596 0.698 0.880 30.2 12.0 
bbp ratio (QAA) CWFS 75 74 52 748 0.543 0.503 0.935 49.7 6.5 
CHL Anomaly CWFS 57 88 67 728 0.424 0.393 0.916 60.7 8.4 
Spectral shape CWFS 80 69 41 759 0.593 0.537 0.949 46.3 5.1 
RBD-KBBI CWFS 82 67 36 764 0.614 0.550 0.955 45.0 4.5 
Rrs ratio CWFS 131 18 175 625 0.576 0.879 0.781 12.1 21.9 
bbp ratio (Carder) SWFS 19 30 12 551 0.475 0.388 0.979 61.2 2.1 
bbp ratio (QAA) SWFS 9 40 6 557 0.281 0.184 0.989 81.6 1.1 
CHL Anomaly SWFS 28 21 68 490 0.386 0.571 0.878 42.9 12.2 
Spectral shape SWFS 9 40 15 548 0.247 0.184 0.973 81.6 2.7 
RBD-KBBI SWFS 14 35 5 558 0.412 0.286 0.991 71.4 0.9 
Rrs ratio SWFS 24 25 36 527 0.440 0.490 0.936 51.0 6.4 
19 
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Figure 1.3. Comparison between the bbp (555 nm, m-1) calculated by Carder et al. (1999) and Lee 
et al. (2002) at locations of the matchups between MODIS-Aqua and the in situ HAB counts. 
Color represents the latitude of the pixels. 
 
changed between 0.7 and 1.1 mg m-3. The percentage of false positives for the Rrs ratio 
technique decreased from 20% to 3%, and for the bbp ratio it decreased from 10 to 3% using bbp 
(Carder) and 5 to 3% using bbp (QAA). 
In Figures 1.4 (a-b), bbp (Carder and QAA) was plotted against MODIS CHL. In the case 
of perfect detection, only the ‘red tide’ pixels (black circles) should be located in the lower-right 
quadrant of the plot. The Rrs ratio technique yields a higher number of red tide pixels in the lower-
right quadrant; however, the number of non-red tide pixels in the lower-right quadrant is also high 
(Fig. 1.4c).  When the threshold ratio was increased to 3 (bbp QAA /bbp Morel < 3; Fig. 1.4b) the 
number of red tide pixels in the lower-right quadrant increased (e.g., high sensitivity and lower 
false negatives), but the number of non-red tide pixels also increased (e.g., high false positives 
and low specificity). The bbp and Rrs values for the SWFS (below 26°N, blue colors) were always 
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above the Morel relationship line. In the NWFS, bbp and Rrs were low (tending to fall below the 
ratio threshold). The red tide pixels often had over 1 mg m-3 of CHL. This threshold (vertical line in 
Fig. 1.4) was not specific to red tide pixels, but helped screen non-red tide pixels.  
Figure 1.5s (a-c) shows the combination of the three thresholds (ratio, CHL, FLH) for the 
bbp ratio and Rrs ratio techniques. The colors in the three-dimensional scatter plots represent the 
FM. The high FM values are concentrated along the mid y-axis (FLH threshold) and lower z-axis 
(ratio threshold). High FM values were concentrated within a FLH range between 0.02 and 0.04 
mW cm-2 µm-1 sr-1. The CHL threshold did not affect the FM once it was above 1 mg m-3. The 
range for the ratio threshold was higher (0.5 to 4) when using bbp (Carder, QAA), and much 
smaller (e.g., specific) when using Rrs (0.5-2).  
Figure 1.6a shows a scatter plot of CHL against the spectral shape. The colors represent 
the FLH and the black circles show red tide pixels (> 50,000 cells L-1). The CHL and SS490 
thresholds divide the plot in quadrants. The lower-right quadrant represents the number of pixels 
classified as red tide. The Tomlinson spectral shape technique did not seem responsive to the 
optimization, as there was no increase in the FM by changing thresholds. Figure 1.6b shows how 
the FM changed as the SS490 threshold was changed, and the maximum FM (0.40) was reached 
using a spectral shape threshold of 0 (SS490 < 0), i.e. which was the same criterion and threshold 
recommended by Tomlinson et al. (2009). This technique was also tested by separately adding a 
CHL (Fig. 1.6c) and an FLH criterion (Fig. 1.6d).  The CHL criterion did not increase the 
performance (FM=0.40), however the FLH threshold (FLH > 0.033 mW cm-2 µm-1 sr-1) increased 
the FM from 0.40 to 0.60, and also increased the specificity from 88% to 95%. The maximum FM 
was found at a SS490 < 0.1 and FLH > 0.033 mW cm-2 µm-1 sr-1.  
Figure 1.7a shows a plot of the RBD against KBBI, and the colors represent FLH. The 
black circles represent red tide pixels. The Amin RBD-KBBI technique suggests 2 criteria: (1) 
RBD above 0.15 and (2) KBBI above 0.3*RBD. The first threshold was plotted as a vertical red 
line, and the second threshold as a diagonal line in grey. Most of the red tide pixels fall above this 
second threshold. Based on this result, and to include all red tide pixels, I suggest the following 
modification to the Amin RBD-KBBI technique. Instead of using the second criterion “KBBI above  
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Table 1.4. Optimization of the detection techniques. See Table 1.3 caption for the notations. 
Detection 
Technique Threshold A B C D FM Sensitivity Specificity 
bbp ratio 
(Carder) 
CHL ≥ 1.1 
FLH ≥ 0.025 
Ratio ≤ 1 
145 99 79 2000 0.620 0.594 0.962 
bbp ratio 
(QAA) 
CHL ≥0.7 
FLH ≥ 0.033 
Ratio ≤ 3 
138 106 65 2014 0.617 0.566 0.969 
Rrs ratio 
CHL ≥ 0.5-0.7 
FLH ≥ 0.033 
Ratio ≤ 1 
139 105 65 2014 0.621 0.570 0.969 
Spectral 
shape (SS) SS ≤ 0 120 124 242 1837 0.396 0.492 0.884 
SS + CHL SS ≤ 0.1 CHL ≥ 1.4 187 57 499 1580 0.402 0.766 0.760 
SS + FLH FLH ≥ 0.033 SS ≤ 0.1 146 98 100 1979 0.596 0.598 0.952 
RBD-KBBI RBD ≥ 0.15 KBBI≥0.2*RBD 132 112 61 2018 0.604 0.541 0.971 
RBD-KBBI 
mod 
RBD ≥ 0.15 
KBBI≤0.8*RBD 136 108 50 2029 0.633 0.557 0.976 
FLH FLH ≥ 0.04 122 122 101 1978 0.522 0.500 0.951 
Rrs + FLH 
FLH ≥ 0.033 
Rrs(555) ≤ 
0.007 
137 107 60 2019 0.621 0.561 0.971 
bbp 
(Carder) + 
SS + FLH 
SS ≤ 0.1 
FLH ≥ 0.033 
Ratio ≤ 1.5 
135 109 57 2022 0.619 0.553 0.973 
bbp  (QAA) 
+ SS + 
FLH 
SS ≤ 0.2 
FLH ≥ 0.033 
Ratio ≤ 3 
138 106 64 2015 0.619 0.566 0.969 
Rrs ratio + 
SS +FLH 
SS ≤ 0.1 
FLH ≥ 0.033 
Ratio ≤ 1 
139 105 64 2015 0.622 0.570 0.969 
RBD-KBBI 
+ SS 
SS ≤ 0.1 
KBBI≤0.75*RBD 
RBD ≥ 0.15 
135 109 45 2034 0.637 0.553 0.978 
Rrs ratio + 
RBD-KBBI 
ratio ≤ 1 
KBBI≤0.8*RBD 
RBD ≥ 0.1 
136 108 47 2032 0.637 0.557 0.977 
 
 
X1*RBD”, I suggested “KBBI below X2*RBD”, where X1 and X2 are the thresholds to be optimized. 
The maximum FM of the spectral shape using the original arrangement was 0.60, and the best 
thresholds were (1) RBD > 0.15 and (2) KBBI > 0.2* RBD (Fig. 1.7b). The maximum FM using the 
second arrangement of the Amin red bands technique was 0.63, and the best threshold were 
(1)RBD > 0.15 and (2) KBBI < 0.8*RBD (Fig. 1.7c). 
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Figure 1.4. Relationship between CHL and bbp or Rrs(555). a) bbp derived from Carder et al. 
(1999), b) bbp derived Lee et al. (2002) and c) Rrs(555). Colors represent latitude. Black circles 
represent pixels that had a cell count above 50,000 cells L-1. Lines across the clouds of points 
represent the ratio of the criteria used in the bbp ratio and Rrs ratio HAB detection techniques.  
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Figure 1.5. Optimization of the Cannizzaro bbp ratio and Carvalho Rrs ratio detection techniques.  
CHL threshold (X-axis), FLH threshold (Y-axis), and ratio threshold (Z-axis). a) Ratio using bbp 
Carder. b) Ratio using bbp QAA. c) Ratio using Rrs. Colors represent the FM (the higher the 
number (red color) the better the performance of the detection technique). FMs below 0.5 were 
not plotted.  
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Figure 1.8 shows that red tide pixels had lower Rrs (555) when FLH increased. These two 
parameters were combined in a detection technique. The optimization results yield a maximum  
FM of 0.62 when using the following criteria: (1) FLH above 0.033 mW cm-2 µm-1 sr-1 and (2) Rrs 
(555) below 0.007 sr-1. This is similar in performance to the other techniques but does not involve 
the calculation of bbp or bbp Morel. When using only FLH, the maximum FM reached during the 
optimization was 0.52 and the threshold was FLH > 0.04 mW cm-2 µm-1 sr-1.   
Table 1.4 presents the optimization results for the hybrid techniques. The maximum FM 
was between 0.62 and 0.64. The performance of all hybrid techniques was similar, with average 
sensitivity of ~0.56 and specificity of ~0.97. 
1.4.3. Case studies 
Four case studies were used to compare the output maps of the detection techniques. I 
mapped the in situ distribution of K. brevis HABs (Fig. 1.9) using data available from FWRI.  I 
then compared these to mapped satellite image products (ERGB, FLH, and CHL) obtained on the 
same or adjacent days.  
The first case was a K. brevis bloom in the SWFS sampled by FWRI between Charlotte 
Harbor and Cape Romano in late October 2004. The bloom has been reported in several studies 
(e.g., Hu et al., 2005; Amin et al., 2009; Tomlinson et al., 2009). This bloom moved south towards 
the Florida Keys and eventually was advected into the Florida Straits in early 2005. The image for 
November 11, 2004 (Figs. 1.9a; 1.10) was selected to best represent this case study. The ERGB 
shows a dark water patch where the K. brevis bloom was confirmed by field samples.  The 
satellite-derived CHL was very high in the bloom patch, but also south towards Florida Bay. In 
addition to the main bloom near Cape Romano, the CHL and CHL anomaly maps showed 
another small region, near the Everglades National Park, with high CHL anomaly. No in situ data 
were available to validate this observation. The FLH had high values for near-shore and shallow 
areas of the SWFS region, with the bloom showing FLH values near 0.1 mW cm-2 µm-1 sr-1. All 
techniques detected the bloom. The size of the area varied and was larger for the original 
techniques, while the optimized and modified techniques seemed to be more specific. The  
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Figure 1.6. a) CHL vs. spectral shape at 490 nm. Vertical line at CHL=1 mg m-3, and horizontal 
line at SS490=0. Black circles for pixels with cell counts above 50,000 cells L-1.  b) Optimization of 
the spectral shape technique using one criterion (SS490 ≤ SS490 threshold). SS490 threshold is on 
the x-axis c-d) Optimization of spectral slope technique using two criteria: SS490 ≤ SS490 threshold 
(x-axis) and c) FLH ≥ FHL threshold (X-axis) or d) CHL ≥ CHL threshold (X-axis). Colors 
represent the FM (the higher the number (red color) the better the performance).  
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Figure 1.7. RBD-KBBI Detection Technique a) RBD vs. KBBI. Brown vertical line is the RBD 
threshold (RBD=0.15). Black circles represent pixels with cell counts above 50,000 cells L-1. The 
diagonal lines are the original criteria of “KBBI ≥ 0.3*RBD” and the optimized criteria of “KBBI ≤ 
0.8*RBD”. Colors represent FLH values. b-c) Optimization of the RBD-KBBI technique thresholds. 
b) Original RBD-KBBI (RBD ≥ RBD threshold, KBBI ≥ KBBI threshold*RBD). c) Modified RBD-
KBBI (RBD ≥ RBD threshold, KBBI ≤ KBBI threshold*RBD). Colors represent the FM. 	  
second region with high CHL near the Everglades was only detected as red tide by the Stumpf 
CHL anomaly and by the modified Tomlinson spectral shape techniques. 
In 2005, the WFS experienced one of the most intense and long-lasting K. brevis blooms 
in recent history. The bloom was first sampled near the Tampa Bay region in late 2004 and 
January 2005. During the spring, low concentrations were observed near Tampa Bay, but the  
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Figure 1.8. FLH vs. Rrs (555 nm). Colors represent the natural logarithm of Karenia brevis 
concentration (cells L-1). 	  
bloom started to intensify again in June 2005. However, it was not until late September after the 
passing of several storms and hurricanes that the bloom spread widely from Naples to Panama 
City and 100’s km offshore (http://myfwc.com/research/redtide/maps/2005/karenia-brevis-counts-
sep-26-30-2005/).  The image selected to illustrate this event was collected on September 29, 
2005, to match the in situ data from September 27-29, 2005 (Figs. 1.9b; 1.11). This was ~9-10 
days after hurricane Rita affected the WFS, and increased turbidity due to sediment resuspension 
on the shelf led to higher Rrs(555) in the area of the bloom (upwards of 100 km offshore). Dark 
waters were detected in the ERGB, where high CHL and FLH were observed. The CHL anomaly 
was high in large patches in the mid-shelf region (~20-50 m isobaths). In this case, all the 
techniques performed similarly and detected the widely-dispersed HAB with almost no difference. 
The only difference was that the bbp ratio and Rrs ratio techniques also identified a large HAB 
along the East coast of Florida. The modified techniques did not show these patterns (Fig. 1.11). 
In 2005, there were no reports of K. brevis blooms along the East Coast of Florida, but a large 
bloom of Microcystis sp. (>1011 cells L-1) was reported during the month of August in coastal 
waters near the St. Johns River (pers.  comm. Jennifer Wolny, FWRI).  
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The third case (Figs. 1.9c; 1.12) was a K. brevis-dominated bloom that was first sampled 
by FWRI in early July 2006, near Charlotte Harbor. Satellite images show that it spread north 
along the coast toward Tampa Bay to north of St. Petersburg over the following 6 months. The 
ERGB image for September 21, 2006 (Fig. 1.12) shows the dark water patch located inshore in 
the CWFS. This feature matched the distribution of FWRI high K. brevis cell counts. CHL was 
above 10 mg m-3 0-20 km offshore along the coast. The CHL anomaly product reached values 
>5 mg m-3; however, high values (>1 mg m-3) were also observed in the SWFS where Karenia 
spp. was not detected in FWRI samples collected during September and October (see  	  
Figure 1.9. Maps with FWRI in situ data matches for the case studies in Florida and field data 
collected in Mexico during field campaigns. 
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Figure 1.10. Detection techniques output for a K. brevis bloom on the South-WFS on November 
11, 2004. 
 
http://myfwc.com/research/redtide/maps/2006/). FLH was very high within the bloom (above 0.08 
mW cm-2 µm-1 sr-1). 
During the July to September of 2006 case, all techniques detected the high K. brevis 
region (Fig. 1.12). Most techniques detected the HAB region only in the CWFS where the bloom 
was concentrated (Fig. 1.9c). However, some methods also identified red tide pixels for most of 
the nearshore areas of the NWFS (e.g., Rrs ratio and Tomlinson spectral shape) and of the 
SWFS (Tomlinson spectral shape), where K. brevis was low or not found in the field samples 
collected on the same day or during the adjacent days/weeks. The modified Rrs ratio and 
Tomlinson spectral shape eliminated most of those pixels incorrectly classified as red tide in the 
NWFS. However, in the SWFS, the modified Tomlinson spectral shape still misclassified a large 
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region as red tide. The Amin RBD-KBBI technique and Rrs-FLH reduced the noise significantly 
and limited the detection region to the area with higher concentration of K. brevis (Fig. 1.9c). 
The fourth case studied was a diatom bloom found nearshore near Charlotte Harbor in 
fall 2008 (Figs. 1.9 d-e; 1.13). The satellite imagery shows a distinctive patch, but K. brevis was 
not found in FWRI samples; instead, the FWRI data show high concentration of diatoms in this 
area (Fig. 1.9d). The image for September 15, 2007, was compared with in situ data for 
September 12-18, 2007. The diatom bloom was dominated by Pseudo-nitzschia spp. However, 
other diatoms and dinoflagellates were also found in high concentrations. The ERGB image 
shows a pink colored patch along the coast north of Charlotte Harbor (marked with a black  
 
	  
Figure 1.11. Detection technique output for a K. brevis bloom on the WFS on September 29, 
2005. 
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arrow in Fig. 1.13). Less than 10,000 cells L-1 Karenia spp. were observed in two of the stations 
(Fig. 1.9e). A separate bloom, with confirmed Karenia spp. dominance, was reported south of 
Charlotte Harbor later in mid-October in the area of the dark water patch seen in Figure 1.13 
(marked by a black arrow). 
The diatom bloom was falsely classified as a red tide by the CHL anomaly, modified 
RBD-KBBI, and by both the original and modified spectral shape and Rrs ratio techniques. The 
October K. brevis bloom was detected by all techniques. The FLH-Rrs and the RBD-KBBI 
techniques did not flag the diatom bloom as red tide, and they produced a smaller area for the 
October bloom compared to the other methods.  
 
Figure 1.12. Detection technique output for a K. brevis bloom on the WFS on September 21, 
2006. 
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1.5. Discussion 
The use of pixel-based comparisons with field samples as a means to validate HAB 
detection techniques has been criticized (Cogalton, 2004; Tomlinson et al., 2009). The main 
disadvantage of pixel-based comparison is the differences in the spatial and temporal resolutions 
between in situ and satellite data (Congalton, 2004). The comparison may also be biased by 
bloom patchiness and by the non-random nature of the sample distribution (Tomlinson et al., 
2009). Nevertheless, this type of comparison provides a statistical and objective measure that 
helps to improve the performance of the techniques by adjusting criteria and thresholds, and to 
understand possible factors that affect the algorithm performance. The results were consistent 
with previous algorithm assessments. Tomlinson et al. (2004) suggested that the CHL anomaly 
 
Figure 1.13. Detection technique output for a diatom bloom on the WFS on September 15, 2007. 
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was accurate detecting K. brevis blooms above 83% of the time along the Panhandle, from 
Tampa to Cape Romano and in the Key West regions. Hu et al. (2008) found smaller accuracies 
(~63 %), but recognized that the CHL anomaly method was effective in differentiating new 
blooms from non-bloom waters. In a later comparison in Tomlinson et al. (2009), the CHL 
anomaly technique had an overall accuracy of 60% detecting K. brevis bloom and 11% when 
detecting non-K. brevis blooms. These results were similar to Carvalho et al. (2011), which found 
an overall accuracy of 61% and FM of 0.35. However, in contrast to Tomlinson et al. (2009), 
Carvalho et al. (2011) found that the CHL anomaly was more effective identifying non-bloom 
cases (a higher specificity of 84%) than bloom cases (i.e., weak sensitivity of 26%). The results of 
the CHL anomaly method are similar to those of Hu et al. (2005) and Carvalho et al. (2011). 
Tomlinson et al. (2004; 2009) suggested that the CHL anomaly technique was better at 
delineating the bloom patch than other techniques, such as the Cannizzaro bbp ratio or the 
spectral shape techniques. Our results show that the CHL anomaly actually performed similar to 
the Cannizzaro bbp ratio and to the spectral shape techniques. The detection performance of the 
CHL anomaly during the 2005 bloom (Case 2; Fig. 1.11) was also lower than that of other 
techniques because the K. brevis bloom lasted for many months, which reduces the effectiveness 
of the CHL anomaly method. Blooms that last longer than ~2 months in the same region cause a 
higher CHL mean and the bloom will not be detectable as an anomaly. For the 2006 case (Fig. 
1.12), the Cannizzaro bbp ratio detected the bloom in the CWFS, where it was confirmed by field 
surveys. The CHL anomaly and spectral shape techniques also suggested that there were 
blooms in the SWFS and NWFS, where field samples found no HABs. During the diatom bloom 
of 2007 (Fig. 1.13), most of the techniques detected parts of the diatom bloom, except the RBD-
KKBI and the Rrs-FLH techniques.  
The average of the maximum FMs reached by all the initial techniques (not modified or 
optimized) was less than 0.51. This is similar to values obtained by Cheng et al. (2009) for two of 
the techniques (0.46 for the CHL anomaly and 0.48 for the QAA method). Cheng et al. (2009) did 
not apply all the masks and flags that I imposed on the data close to the coast, and their dataset 
only included observations up to 2007. The FM estimates for the different methods were higher 
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for particular subregions, in particular for the CWFS (<0.65), lower for the NWFS (<0.45) and very 
low for the SWFS (<0.38). The FMs for all techniques applied in the CWFS were similar to those 
of Carvalho et al. (2011). This was expected because most of the techniques were developed 
using the same in situ bio-optical data collected in that region. In situ bio-optical measurements in 
the NWFS and SWFS are scarce and both regions are optically complex. The NWFS is shallow 
and affected by high CDOM derived from the Suwanee River (Cannizzaro et al., submitted). The 
SWFS is shallow and experiences frequent wind- and tidally-driven sediment resuspension 
events (e.g., Lawrence et al., 2004). 
CDOM absorbs mainly at 412 nm and the absorption declines exponentially with 
increasing wavelength, while phytoplankton absorption peaks at 443 nm. However, the 
absorption at 443nm due to CDOM can be significant and can cause CHL overestimation when 
calculated by typical band ratio algorithms using Rrs (443 or 490). Areas like the NWFS and the 
North East Coast of Florida where river discharge from the Suwannee River or St. Johns River is 
high are most likely to have high CDOM. The Stumpf CHL anomaly, Cannizzaro bbp ratio, 
Carvalho Rrs ratio and the Spectral shape techniques are most likely to have a high percentage of 
false positives in these CDOM-rich regions.  
The bbp ratio and Rrs ratio techniques performed similarly. This was expected, as the 
theoretical concept underlying these algorithms is similar. The results are affected by the method 
of estimating bbp, as pointed out by Carvalho et al. (2010), with bbp(555, QAA) estimates 
exceeding bbp(555, Carder) by an order of magnitude in the NWFS. The NWFS is affected by 
CDOM-rich waters near the Suwannee River, causing the absorption coefficient as well as bbp 
derived using Lee et al. (2002) to be overestimated. The use of the Morel (1988) relationship 
causes problems when implementing the algorithms for regions other than the CWFS.  
Figure 1.4 shows that there is a bio-optical separation of the WFS regions. The SWFS 
data fall above the bbp (Carder, QAA)/bbp (Morel) =1 criterion, while the NWFS tends to fall below. 
This means that blooms in the SWFS will not be detected (lower sensitivity, high specificity) and 
for the NWFS there will be a higher rate of false detections (high sensitivity but low specificity).  
The Morel algorithm for bbp depends on the CHL estimates, which is known to be in error in 
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shallow regions due to high bottom reflectance, and regions with high absorption due to CDOM. It 
is outside the scope of this research to determine which bbp algorithm is correct. However, our 
results are in agreement with Carvalho et al. (2010).  
The use of Rrs (555) accounts for the absorption and scattering of K. brevis blooms, 
which leads to the dark-water patches observed in the ERGB images. During K. brevis blooms, 
Rrs (555) did not increased in proportion to CHL. The use of Rrs (555) instead of bbp (555) 
provided the same results numerically and visually as the most skilled original algorithms, but it 
eliminates the need to calculate bbp and therefore avoids potential bbp errors and also simplifies 
the algorithm implementation. The use of Lw instead of Rrs may introduce errors while 
implementing it for the WFS all year long because Lw is not normalized to solar/viewing geometry 
that may vary substantially during different times of a year. 
The addition of the FLH threshold technique played an important role in filtering the false 
positives and significantly improved the performance of the bio-optical, empirical and spectral 
shape techniques. The improvement in the techniques by adding the FLH threshold (spectral 
shape) or optimizing it was clear in the case studies and was more significant for the empirical 
and spectral shape techniques. RBD-KBBI takes into account the peak of phytoplankton 
fluorescence, so there was no advantage in adding a FLH threshold. The original RBD-KBBI 
technique had the best FM and the lowest percentage of false negatives. While this meant that 
pixels with higher uncertainty were excluded, such filtering is beneficial to identify HAB pixels. 
The modified RBD-KBBI techniques relaxed the filtering, improving sensitivity while keeping the 
percent of false positives low. 
The satellite FLH and Rrs(555) products therefore have great potential for simplifying the 
K. brevis bloom detection algorithms.  The detection technique that used FLH and Rrs(555) 
thresholds yielded better statistical results than the original five techniques, and performed similar 
to the modified techniques. The visual results were very similar to the results of the RBD-KBBI 
technique: sharper delineation with less noise and fewer false positives. Yet the implementation 
of the FLH and Rrs(555) technique is simpler at these products are readily available from the 
NASA standard processing.  
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The use of FLH for red tide detection and tracking over time (Hu et al., 2005) has been 
shown useful for the WFS. A concern when using only FLH is that sediment resuspension events 
will lead to overestimating FLH and yield false positives. Excellent results can be obtained 
through the combined use of FLH and Rrs(555) to decrease the likelihood of resuspension events 
as being falsely detected as red tides. 
1.6. Conclusion and recommendations 
The main objective of this chapter was to evaluate the performance of several published 
K. brevis remote sensing detection techniques (1-Stumpf CHL anomaly (Stumpf et al., 2003), 2-
Tomlinson spectral shape (Tomlinson et al., 2009), 3- Cannizzaro bbp ratio (Cannizzaro et al., 
2008; 2009; Hu et al., 2011), 4- Amin RBD-KBBI technique (Amin et al., 2009), 5- a technique 
similar to the one suggested by Carvalho et al. (2010) using Rrs (555), 6- a combination of 
techniques (hybrid technique) as suggested by Carvalho et al., 2010) in different regions of the 
WFS and to improve their performance by fine-tuning their criteria. A second objective was to test 
the performance of a new and simpler detection technique using only FLH and Rrs (555) satellite 
data. An extensive dataset of 2323 in situ and MODIS data matching pairs were used to 
systematically optimize variables and coefficients used in each of these published HAB detection 
methods. Statistical measures commonly used for image analysis techniques (e.g., FM, 
specificity and sensitivity) were used to optimize the techniques by finding the criteria and 
thresholds that result in the best performance. Before the optimization, the average FM was 0.47, 
ranging from 0.34 (Stumpf CHL anomaly) to 0.57 (Amin RBD-KBBI). Optimization increased the 
FM for all techniques from an average of ~0.47 to ~0.59. The percentage of false positives was 
reduced by almost 50% for most of the techniques. The addition of a FLH criterion improved the 
performance of each method, and in particular that using the spectral shape at 490 nm and 
backscattering coefficients. Maximum FM was obtained by the optimized RBD-KBBI (0.63). The 
new practical method, which identifies K. brevis blooms as those pixels showing FLH above 
0.033 mW cm-2 µm-1 sr-1 and Rrs (555) below 0.007 sr-1, performed similar to the more complex 
RBD-KBBI technique. This new, simple approach yielded an FM of 0.62 and generated only 3% 
false negatives. 
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The Northern region and Southern regions of Florida represented a challenge for most of 
the techniques due to the high absorption by CDOM in the North or high reflectance in shallow 
waters in the South. The Amin RBD-KBBI technique and the new Rrs-FLH technique seemed to 
perform better in these regions as well as in the Central WFS. FLH alone is an excellent satellite 
product for the detection of blooms, and during the optimization process FLH was the satellite 
product helping to reduce false positives, especially those due to dark waters associated with 
high absorption of CDOM in riverine waters.  The use of Rrs (555) helped reduce the problems in 
regions with high bottom reflectance or resuspended sediment concentration. The combination of 
FLH-Rrs is in theory from the same concept as the RBD-KBBI technique, however it is a much 
simpler technique, easier to implement with existing satellite data products, and it allows for 
easier adjusting of the thresholds (to increase sensitivity or specificity) based on the specific 
needs of different user groups. 
All detection techniques proved to be useful for the detection of HABs in the WFS. The 
optimization exercise allowed for improving each individual technique. The extensive evaluation 
effort led to the following recommendations to improve their performance and to simplify the 
implementation of operational HAB detection algorithms: 
1) The chlorophyll anomaly cannot be fully evaluated here as an automated technique 
because it includes a heuristic model that requires ancillary environmental observations 
and a visual inspection by an image analyst. The heuristic model has been adapted to 
the WFS based on prior knowledge of the region by the author.  The implementation of 
the heuristic model in other parts of the GOM will require similar knowledge of the 
dynamics of regional phytoplankton communities, of optical properties of the blooms, and 
also of the regional physical oceanography. The performance of this technique without 
the heuristic model was poor in comparison with the other techniques. 
2) Including Rrs(555) in HAB detection algorithms increased sensitivity, and including FLH 
increases accuracy. The differences in methods to estimate bbp(555) from satellite data 
introduces errors and variability in HAB detection techniques. Rrs (555) image products 
are readily available from NASA as a standard ocean color product. Without additional 
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corrections, simply using Rrs (555) leads to higher numbers of false positives. I 
recommend also using a FLH threshold to remove pixels with high uncertainty. The 
optimization results suggested a threshold of FLH between 0.02-0.04 mW cm-2 µm-1 sr-1, 
with best results using 0.033 mW cm-2 µm-1 sr-1. 
3) The spectral shape technique showed high sensitivity and lower specificity. The visual 
analysis also showed a high tendency for false positives especially in the Northern region 
of Florida. I recommend including FLH and specifically a FLH threshold between 0.02-
0.04 mW cm-2 µm-1 sr-1. 
4) The RBD-KBBI technique had the best performance visually and numerically, compared 
to all other techniques; it is specific although less sensitive. The modified version of the 
RBD-KBBI (KBBI<0.8*RBD) greatly improved the sensitivity of the technique. 
5) While FLH has proven to be a very useful measure to improve HAB detection techniques, 
at present none of the US ocean-observing satellite missions planned for launch before 
about 2020 include the FLH bands. In particular, the most recently launched Visible 
Infrared Imaging Radiometer Suite (VIIRS, 2011 – present) is not equipped with FLH 
bands. I strongly recommend that operational agencies responsible for monitoring HABs 
nationally and internationally include the FLH capabilities in future sensors. 
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Chapter 2: Visualization and Quantification of Harmful Algal 
Blooms in the West Florida Shelf using ocean color satellite 
imagery: Implications for bloom maintenance and evolution 
 
2.1. Abstract 
Ocean color remote sensing techniques were use to examine the extension, evolution 
and displacement of four Karenia brevis events that occurred in the West Florida Shelf (WFS) 
between 2004 and 2011.  Fluorescence Line Height (FLH) and other ocean color observations 
were obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS)-Aqua satellite. 
Karenia blooms were identified in the imagery using a new technique that combines remote-
sensing reflectance and FLH (Rrs-FLH technique) developed in Chapter One of this dissertation. 
The results were verified using in situ phytoplankton cell counts. The spatial extent of each event 
was followed in time by delineating the blooms in sequences of MODIS ocean color images. In 
2004 and 2005, the WFS was affected by a series of major hurricanes, which led to high river 
discharge and intense resuspension events. These had an impact on Harmful Algal Blooms 
(HABS) occurrence, promoting their expansion. For example, a bloom observed late in December 
2004 approximately 40-80 km off Saint Petersburg, Florida (near 27.6°N and -83.1°W) expanded 
to occupy >8,000 km2 by February 8, 2005. The bloom weakened in spring 2005, but then it 
intensified again in summer; reaching >42,000 km2 after passage of hurricane Katrina in August 
2005. This bloom covered the WFS from Charlotte Harbor to the Florida Panhandle. Two other 
cases were studied in the WFS. One bloom was initially observed immediately off Venice, Florida, 
where several small creeks discharge. The bloom moved south toward Charlotte Harbor where it 
lingered for several months reaching concentrations as high a 38 x 106 cell L-1. A high 
precipitation event occurred over west-central Florida in August-September 2011, and the coastal 
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bloom was observed as local rivers reached peak discharge. This bloom was examined as it 
developed further in nearshore waters off Charlotte Harbor (area where blooms are observed 
frequently every year). The results of the Hybrid Coordinate Ocean Model from the U.S. Navy to 
aid understanding the dispersal of the blooms used in these study cases. 
2.2. Introduction 
Large phytoplankton blooms perceptibly change the color of the ocean. These changes 
can be measured by ocean color sensors on satellites, and these measurements help 
characterize the location, spatial extent, concentration, and possibly the type of phytoplankton 
bloom being observed. This technology is useful to detect and trace the advection and dispersal 
of blooms of dinoflagellates belonging to the genus Karenia that occur on the West Florida Shelf 
(WFS), Gulf of Mexico (GOM). In this chapter, I used ocean color remote sensing techniques to 
study the evolution and movement of four separate Karenia spp. harmful algae blooms that 
occurred off western Florida between 2004 and 2011. Each case was examined to understand 
possible mechanisms for bloom initiation and maintenance. 
Blooms of Karenia spp. occur almost every year on the WFS during late summer and fall, 
with some blooms lasting nearly a year (Steidinger, 2009). It has been suggested that blooms 
may start on the WFS, between 18-80 km offshore (Steidinger, 1975; Steidinger and Haddad, 
1981). Wind and currents are hypothesized to transport blooms inshore, where they would be 
supported by additional nutrient sources (Steidinger et al., 1998). Several hypotheses regarding 
the nutrient source that triggers the blooms have been proposed. Some of these include 
upwelling of nutrient-rich waters on the continental shelf and along oceanic fronts (Steidinger and 
Haddad, 1981), nitrogen fixation by Trichodesmium blooms stimulated by iron-rich Saharan dust 
(Lenes et al., 2001; Walsh and Steidinger, 2001), intrusions of the Mississippi River plume 
(Stumpf et al., 2008), remineralization of dead fish and zooplankton excretion (Vargo et al., 2008), 
and nutrient input from surface and submarine groundwater discharge (SGD) associated with 
storms and hurricanes (Hu et al., 2006).  
K. brevis is a neritic phytoplankton species (Finucane, 1964). It seems to have a 
relatively low half-saturation constant (Ks) for nitrate and ammonia (0.06-1.07 µM) and for 
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phosphorus (0.18 µM). Therefore, this organism seems to easily adapt to low nutrient 
environments (Vargo and Howard-Shamblott, 1990; Steidinger et al., 1998; Bronk et al., 2004; 
Vargo, 2009). K. brevis can also use a variety of dissolved organic and inorganic nutrients, and 
dissolved inorganic phosphorus (DIP) is typically not a limiting nutrient for K. brevis (Dragovish 
and Kelly, 1966; Wilson, 1966; Wilson et al., 1975; Vargo and Shanley, 1985). Dissolved 
inorganic nitrogen (DIN), on the other hand, is considered to be a limiting nutrient for K. brevis. It 
has been estimated that to maintain a bloom of ~106 cells L-1, and it is necessary to have 
concentrations of at least 3 µM DIN (Odum et al., 1955) to 8.6 µM DIN (Shanley and Vargo, 
1993).  However, such high DIN concentrations are rarely observed on the WFS (Vargo et al., 
2008).  
Shanley and Vargo (1993) estimated that K. brevis have a cellular N:P molar ratio of 17. 
Therefore, if a K. brevis bloom of ~106 cell L-1 requires 0.48 µM P (Wilson, 1966) then the 
requirements for nitrogen (N) are approximately 8.2 µM N (Vargo et al., 2008). Nutrient 
observations during four different blooms in the WFS suggested that the DIN and DIP 
requirements for 3 x 105 cell L-1 were about 0.056-0.267 µM DIN day-1 and 0.002-0.012 µM DIP 
day-1 (Vargo et al., 2004). Since even moderate nutrient concentrations are rarely found in the 
WFS, possibly a combination of sources such as estuaries, nitrogen fixation, upwelling, 
remineralization of dead fish, and zooplankton excretion are necessary to maintain large blooms 
exceeding 106 cells L-1 of K. brevis (Vargo et al., 2008). 
A change in the color of the water during a Karenia spp. bloom can generally be 
observed when cell concentrations exceed the 105 cells L-1 (Stumpf et al., 2003; Hu et al., 2005). 
When a bloom is detected in ocean color imagery, it is already developed. It has also been 
argued that blooms may develop below the surface. Therefore, bloom initiation has been hard to 
pinpoint using current ocean color remote sensing techniques. Nevertheless, ocean color imagery 
are useful to gain insight about where a bloom intensifies, and where and how a bloom may 
develop or be advected.  
In this chapter, I examine a series of large Karenia spp. blooms that occurred over 
significant portions of the WFS in 2004-2005, 2006-2007, and in 2011. All together, these are 
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some of the largest and most persistent blooms observed since synoptic satellite measurements 
became possible in the late 1970’s. Table 2.1 summarizes the reasoning for the selection of each 
bloom as a particular case study. In the results section, I examined specific portions of these 
blooms for which there was in situ confirmation that the patches observed in the satellite images 
were Karenia spp. blooms. I used ocean color data from the Moderate Resolution Imaging 
Spectroradiometer (MODIS) to develop four case studies in which I delineate the extent and 
movement of five confirmed Karenia spp. blooms. The treatment of these case studies is quite 
conservative, in that I track and measure the total area covered of patches for which there is in 
situ confirmation of Karenia spp. cells. The dispersal of the patches on the WFS is also examined 
with aid of a numerical simulation of the circulation provided by the US Navy. 
2.3. Methods 
2.3.1. Ocean color satellite data 
The study area comprises the WFS [24-31°N, 80-88°W; Fig. 1.1]. Ocean color data from 
the MODIS-Aqua sensor from January 2004 to February 2012 were downloaded from the NASA 
Goddard Space Flight Center (GSFC; http://oceancolor.gsfc.nasa.gov/). Specifically, the following 
products were used: Chlorophyll-a concentration estimates or CHL (mg m-3; using the OC4v4; 
O’Reilly et al., 2000), Spectral Remote Sensing Reflectance (Rrs (λ) (sr-1)) at 10 wavelengths, and 
Fluorescence Line Height (FLH; mW cm-2 µm-1 sr-1; Letelier and Abbott, 1996). Images were 
mapped to a cylindrical equidistant projection using the SeaWiFS Data Analysis System 
(SeaDAS, version 6.1). Daily composites were computed for the GOM region (18-31 N and 79 - 
98 W) at 1-km resolution. Level-2 flags (atmospheric correction failure, land, very high or 
saturated radiance, high sensor view zenith angle, stray-light contamination, clouds, high solar 
zenith angle, band navigation failure, and CHL warning) were applied to discard low-quality data. 
To derive the Enhanced Red-Green-Blue (ERGB) images, I used a green-blue-blue composite of 
Rrs (λ) (551, 488, and 443 nm). The ERGB images resemble a true color image enhanced to 
compensate for the brightness of adjacent land and shallow areas. 
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Table 2.1. Study cases dates and reasoning for their selection. 
Study Case Dates Reasoning for selection 
Case 1 October 26-December 27, 2004 (not 
confirmed with in situ data, not 
delineated) 
December 27, 2004-March 29, 2005 
Bloom samples first collected off St. 
Petersburg in late December 2004, 
with positive K. brevis identification. 
Imagery suggest it started to the North 
and about two months earlier. A major 
reason to track this bloom was to 
study the relationship with hurricanes. 
Case 2 June 14, 2005-November 16, 2005 One of the most extensive and long 
lasting bloom in the WFS. This bloom 
allowed to study the relationship with 
hurricanes. 
Case 3 July 15, 2006 – February 14, 2006 A long lasting bloom with no apparent 
influence from meteorological events 
or drastic river discharge. 
Case 4 October 1, 2011- January 18, 2012 Possible relationship with episodic 
river discharge. 
 
 
2.3.2. Karenia brevis detection techniques 
Two detection techniques were implemented to track the Karenia spp. blooms. 
Specifically, one uses the particulate backscattering coefficients (bbp) ratio and Rrs-FLH 
techniques (see Chapter One and Table 1.1).  The bbp ratio was determined based on Cannizzaro 
et al. (2008) and the criterion that bbp (555) of Karenia spp. blooms is lower than that given by the 
Morel (1988) relationship between CHL and bbp for Case 1 waters: 
bbp,(Morel)=0.3×CHL0.62 × (0.002 + 0.02 × (0.5 − 0.25 × log10CHL)) 
bbp(555) was calculated using a semi-analytical algorithm developed specifically for the WFS by 
Carder et al. (1999). Specifically: 
bbp(555, Carder)=2.058×Rrs(555)−0.00182 
The bbp ratio technique flags a pixel as Karenia spp. red tide if (1) bbp (555, Carder) is less than 
bbp (Morel) (i.e. the bbp ratio (bbp, Carder/ bbp, Morel) <1), (2) CHL is higher than 1.0 mg m-3, and (3) 
FLH is above 0.01 mW cm-2 µm-1 sr-1. The results (Chapter 1 of this dissertation) suggest that this 
technique performs better if the CHL and FLH criteria are changed as follows: CHL>1.1 mg m-3, 
and FLH>0.025 mW cm-2 µm-1 sr-1. For this study, therefore, pixels with CHL<1.1 mg m-3 and 
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FLH<0.025 mW cm-2 µm-1 sr-1 were discarded. A color look-up table was used to represent the bbp 
ratio (red colors for bbp ratio<1). 
The optimization study of Chapter One concluded that a Karenia spp. algorithm can be 
constructed using FLH and Rrs(555) thresholds. For Karenia spp. blooms, FLH accounts for the 
increase in chlorophyll and Rrs(555) responds to both an increase in absorption and decrease in 
backscattering during blooms (i.e., dark color waters). Rrs(555) also identifies waters where there 
is high scattering due to either suspended sediments or shallow bottom, and where high FLH 
values leads to false positive K. brevis bloom detection. Using the FLH-Rrs technique, I flagged 
pixels as red tide if (1) FLH ≥ 0.033 mW cm-2 µm-1 sr-1 and (2) Rrs(555) ≤ 0.007 sr-1. These were 
calculated with scripts developed using the IDLTM programming language.  
2.3.3. Case studies 
Time series of ocean color imagery Harmful Algal Blooms (HABs) detection techniques 
were used to study the spatial extent and movement of four Karenia spp. blooms in the WFS. The 
specific Karenia spp. case studies were selected based on two criteria: available cloud free data 
that allowed observation of the movement of the bloom, and sufficient in situ field observations to 
validate the ocean color imagery and detection techniques. The study cases are described in 
Table 2.1. 
The dates in Table 2.1 represent neither the beginning nor the end of a bloom. Rather, 
the first date listed is when the bloom was first clearly observed in the imagery, which also implies 
that the bloom had reached concentrations >105 cells L-1. Blooms that were observed in the 
ocean color imagery but had no in situ data to validate them were not included in the delineations, 
but were included in the Discussion section.  
An extensive in situ database of Karenia spp. cell counts has been assembled by the 
Florida Fish and Wildlife Conservation Commission’s Fish and Wildlife Research Institute (FWC-
FWRI). This has been developed as an event-response database and therefore does not 
represent a random sample collection either in time or in space across the WFS. The database 
contains data from different programs, such as from the Ecology and Oceanography of Harmful 
Algal Bloom (ECOHAB)-Florida project led by the FWC, the University of South Florida, Mote 
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Marine Laboratory, and 10 other institutions. For this study, I used data collected between 
December 2004 and December 2011.  
A simple procedure was followed to delineate the spatial extent of each bloom studied. 
Figure 2.1 shows a summary of the steps taken for the spatial delineation of the bloom. The first 
step consisted of finding a region, patch, or filament with high Karenia spp. cell counts (> 5 x 104 
cells L-1, Fig. 2.1a), high FLH (> 0.02 mW cm-2 µm-1 sr-1; Fig. 2.1b). The delineations were aided 
by the output image from both the FLH-Rrs techniques and bbp ratio (Figs. 2.1c-d). Once the 
Karenia spp. bloom region observed in the satellite image(s) was confirmed with in situ cell count 
data, the region was manually traced using the “Region of Interest” (ROI) tool in the image 
analysis software ENVITM. The ROI delineations were then merged as part of a single graphic to 
examine the relative size and movement of the HAB patches. The surface area covered by ROI 
was also estimated using the ROI tool function in ENVITM.  
A rudimentary estimate of the nutrient requirements of a Karenia spp. bloom was derived 
using the DIN and DIP requirement estimates from Vargo et al. (2004). Several assumptions 
were made. First, the bloom is located and concentrated within the first 5 m of the water column. 
Schofield et al. (2006) found that during the day, Karenia spp. blooms concentrated in such 
shallow layers near the surface. However, high concentration of Karenia spp. can be found 
deeper in the water column, and accumulated at the bottom of the inner continental shelf. A 
second assumption was that Karenia spp. was homogeneously distributed within the ROI. This 
assumption is incorrect, but there was not sufficient in situ data to do an interpolation for each 
delineation. A conservative (or underestimated) cell count concentration of 3x105 cells L-1 was 
used for each volume, even though Karenia spp. concentrations can reach 38 x107 cell L-1 or 
more within a patch. 
2.3.4. Ocean circulation model data and particle tracing 
For the study cases in 2004 and 2005 (cases 1-2), the Karenia spp. bloom patterns 
observed in the sequential images and the ROIs extracted from them were compared with ocean 
circulation results from the U.S. NAVY’s Experimental-Real Time Intra-Americas Sea 
Nowcast/Forecast System (IAS-NFS). The IAS-NFS consists of a 1/24 degree (~6 km), 41-level  
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Figure 2.1. Techniques used to delineate Karenia spp. blooms. a) In situ Karenia spp. cell count 
data.  In situ data for October 4 to 10, 2006. b) ERGB, c) CHL, d) ERGB MODIS-Aqua image for 
October 7, 2011. HAB detection techniques output for the same image using the e) bbp ratio and 
f) FLH-Rrs techniques. 	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sigma-z developmental data-assimilating ocean prediction system based on NRL's Navy Coastal 
Model (NCOM). The model topography is from NRL DBDB2. For daily nowcast/forecasts the 
model is restarted from a previous nowcast. Once the model restarts, it continuously assimilates 
synthetic temperature/salinity profiles generated by an NRL data analysis (the Modular Ocean 
Data Assimilation System or MODAS) to produce the nowcast. Real-time data come from satellite 
altimeter (GFO, Jason-1, ERS-2) global sea surface height anomaly and Advanced Very High 
Resolution Radiometer global sea surface temperature. For additional information about the IAS-
NSF the reader is referred to Ko (2003) and the Naval Research Laboratory 
(http://www7320.nrlssc.navy.mil/IASNFS_WWW/). 
The IAS-NCOM ocean current components (u and v) were obtained in six-hour intervals for 
the WFS. The patterns observed in the imagery represent primarily the surface. However, HABs 
are three-dimensional phenomena. Only the circulation data for the surface were used. A built-in 
particle trace function in IDLTM was used to visualize the movement of particles released near the 
region where the bloom was initially observed in the imagery. Particles were released at the 
surface and allowed to move with the surface ocean current data obtained from the IAS-NCOM 
model. The IDL particle trace procedure outlined the path of massless particles through a vector 
field given seed points. The integration parameter was set to a 4th order Runge-Kutta scheme and 
the step size was six hours. The particles (6-10) were released inside the first polygon (initial 
bloom delineation) and were left to move with the currents until the moved out the study area 
(WFS) or until the end of the month in which the bloom was last observed in the imagery. 
2.4. Results 
The location, movement and extension of four Karenia spp. blooms in the WFS were 
examined with the satellite images and numerical model output. For each case, the extension of 
the bloom was delineated in the imagery when sufficient in situ data were available to validate the 
occurrence and intensity of the bloom in terms of cell numbers. Figures 2.2 (a-d) identifies 
locations of in situ Karenia spp. cell counts >5 x104 cell L-1 for each of the four case studies. The 
in situ Karenia spp. data were colored by time starting when the bloom was first recorded by 
FWRI (blue colors), progressing to the date when it was last observed in the region (red colors).  
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Two Karenia spp. blooms were reported in late fall and winter of 2004 (only December 
2004 is shown in Fig. 2.2a). One event started in mid-October south of Charlotte Harbor, FL. The 
bloom moved south toward the Florida Keys. The development and displacement of this bloom 
was described in Hu et al. (2005). Figure 2.2a shows the in situ data from December 27, 2004 to 
March 20, 2005. While much of the bloom was advected out of the WFS in late December 2004, 
remnant patches of the bloom were observed through March 2005 (Fig. 2.2a). Another large 
Karenia spp. bloom was observed off St. Petersburg, FL in late December 2004.  These blooms 
were also visible in MODIS-Aqua satellite images from December 27, 2004, to March 29, 2005 
(Fig. 2.3). Samples with high Karenia spp. cell counts were found from the coast to ~80 km from 
the coast off Tampa Bay the first week of January 2005 (Fig 2.2a, blue colors, and Fig. 2.3a). The 
bloom continued to move and expand toward the south along the shore direction. After three 
weeks, the bloom covered an area of >8,000 km2 between Saint Petersburg and Charlotte Harbor 
(Figs. 2.2a; 2.3b). By March 2005, the bloom concentrated near Tampa Bay while lower 
concentrations were observed south towards Charlotte Harbor (Fig. 3.3c).  
Mid- to high concentrations of Karenia spp. (104-106 cells/L) were found off St. 
Petersburg inside and near-shore Tampa Bay in April and May, 2005 (images not shown). The 
bloom was not detected by the various automated detection techniques. The first study case of 
2004-05 Karenia spp. bloom lasted approximately 4 months and reached a spatial surface area of 
~ 8,585 km2 in February 2005 (Table 2.2). This bloom was distinctly separate from the bloom 
observed in Florida Bay during the same time frame described by Hu et al. (2005).  
To study possible mechanisms of advection of the bloom, I examined water movement 
results from a numerical simulation from the Navy’s IAS-NCOM. Several artificial particles were 
released in the velocity fields generated by the model within the area of the Karenia spp. bloom 
delineated for December 27, 2004 (Fig. 2.3a).  The particles were allowed to move until the end 
of March 2005. The results (in Fig. 2.4) show the modeled patch moved in a similar pattern as 
that of the bloom observed in the satellite images. Both results show that the bloom moved 
southward from the Tampa Bay area between December 2004 and March 2005, but that it then 
started to move north in March 2005 after it had reached the Charlotte Harbor area. The model 
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showed that the particles remained in nearshore waters between 26.5 and 28.3°N, supporting the 
observations made based on the satellite data.  
A few months after the bloom described above (Case 1), another Karenia spp. bloom 
was observed near Tampa Bay in June 2005 (Fig. 2.2b). Figure 2.5 traces the outline of this 
bloom, which was concentrated off Clearwater (27.97°N, -82.80°W). This bloom was likely a 
continuation of the bloom described in Case1. While I was not able to track a distinctive 
connection between these patches between April and June 2005, high concentration of Karenia 
spp. were observed in Tampa Bay throughout this time. A small patch (300-900 km2, Table 2.2) 
was clearly observed near Clearwater, FL on June 14, 2005 (Fig. 2.2b; 2.5a). The bloom size 
then increased to over 2,000 km2 by mid August, extending North of Clearwater, Florida.  On July 
10, the Northern WFS was affected by hurricane Dennis, which caused high sediment 
resuspension (Hu and Muller-Karger, 2007), and possibly advection of the bloom North of St. 
Petersburg. Another patch was observed and confirmed as Karenia spp. directly south of 
Tallahassee in mid-August 2005 ([-84.0ºW, 29.5°N]; Fig. 2.5b). 
In late August 2005, one of the most destructive and deadliest hurricanes in US history 
developed near the Bahamas. Hurricane Katrina crossed the GOM and headed toward Louisiana, 
where it made landfall as a category 3 hurricane on August 27, 2007. As it passed west of central 
Florida, the winds over the WFS caused high mixing and resuspension of bottom sediments.  As 
the winds receded and suspended sediments settled out of the water column, sufficient nutrients 
were available for the Karenia spp. bloom to quickly occupy the WFS from Charlotte Harbor to 
Panama City (Fig. 2.5b).  
The area of the bloom exceeded 40,000 km2 during most of September 2005. Some of 
the signal interpreted as Karenia spp. blooms in the ocean color imagery of the WFS during this 
period may have been suspended sediments. However, field samples confirmed high 
concentrations of Karenia spp. in these areas. High sediments waters have high reflectance in 
the red and the green wavelengths, so when using a Rrs threshold (such as in the Rrs-FLH 
technique) pixels influenced by sediments are discarded.  
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The size of the bloom diminished in October, and the bloom was found restricted to the 
central WFS between Tampa Bay and Charlotte Harbor (Fig. 2.5c), occupying an area of ~8000 
km2. The bloom was no longer clearly detectable off central Florida in satellite imagery by late 
November, although field samples showed high concentrations of Karenia spp. in the central 
WFS up to the first week of December 2005. The southernmost parts of the bloom were advected  
 
Figure 2.2. Maps of in situ Karenia spp. cell count data for each study case. Only data points with 
concentrations above 5 x104 cell L-1 of Karenia spp. were plotted.  The colors represent the date 
of each data point from blue representing the first few observations towards red the last 
observations of the bloom. a) Study Case 1: Dec. 27, 2004-Mar. 20, 2005. b) Study Case 2: Jun. 
10, 2005-Dec. 20, 2005. c) Study Case 3: Oct. 7, 2006-Feb. 15, 2007. d) Study Case 4: Sep. 20, 
2011-Dec. 30, 2011. 	  
Figure 2.3. Delineations for Karenia spp. bloom case studies. Case 1: Dec. 27, 2004 to Mar. 29, 2005. 
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Table 2.2. Area (km2) for each case study delineation. 
CASE 1 Area  CASE2 Area  CASE3 Area  CASE4 Area  
12/27/04 1360 6/14/05 365 7/15/06 1108 10/1/11 456 
12/29/04 1382 8/1/05 1344 7/24/06 1590 10/3/11 581 
1/5/05 2868 8/15/05 2080 8/2/06 1008 10/5/11 572 
1/9/05 3790 8/24/05 2537 8/11/06 1500 10/7/11 763 
1/21/05 7874 9/9/05 41,905 8/20/06 2611 10/14/11 1118 
2/8/05 8585 9/30/05 42,543 9/1/06 3317 10/24/11 2776 
2/15/05 4055 10/11/05 19907 9/21/06 8136 11/2/11 1030 
2/20/05 2319 10/17/05 8586 10/7/06 11305 11/9/11 796 
3/5/05 4727 11/2/05 1564 10/21/06 5272 11/15/11 1947 
3/12/05 2072 11/10/05 4029 11/30/06 4804 11/17/11 1872 
3/29/05 1606 11/16/05 7144 12/19/06 2048 11/22/11 3006 
    1/2/07 511 12/6/11 2314 
    2/14/07 976 12/31/11 417 
      1/18/12 516 
 
 
south towards the Florida Keys (see outline for November 16, Fig. 2.5c). In situ samples showed 
high Karenia spp. concentrations in Florida Bay and the Florida Keys from mid November to early 
December (Fig. 2.2b). 
I used the IAS-NCOM simulation to examine the movement of the Case 2 bloom (Fig. 
2.6). A group of virtual particles were released inside the bloom patch delineation of June 14, 
2005 (Fig. 2.5a) near Clearwater, Florida (Fig. 2.6a). A second set of particles was released near 
the patch observed South of Tallahassee on August 15, 2005 (Figs. 2.5a; 2.6b). Both sets were 
tracked until December 2005 or until they were outside the study boundaries. Simulated particles 
released near Clearwater scattered in different directions after hurricane Katrina, with several 
particles moving westward (Fig. 2.6a). The particle tracks generally confirm that water parcels 
were advected in many different directions by hurricane Katrina, and that this large-scale 
horizontal mixing event led to the development of the larger WFS bloom observed after the 
hurricane. Particles in the group released off the Florida Panhandle near Cape San Blas 
generally moved westward, partially explaining the extension of the bloom in that direction after 
hurricane Katrina (Fig. 2.6b). One particle in this second group, located closest to the Suwannee 
River area, moved south towards St. Petersburg. 
The third case study was another intense and large-scale bloom that developed in the 
central WFS in late summer of 2006, and which lasted until the beginning of 2007 (Fig. 2.7). The 
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bloom was first observed in the satellite imagery in mid-July 2006, immediately off Charlotte 
Harbor (Fig. 2.7a). In situ water samples collected in July confirmed the appearance of Karenia 
spp. cells (Fig. 2.2c). The bloom developed and expanded North towards Saint Petersburg and 
then extended offshore (50-80 km) in August and early September 2006 (Figs. 2.2c; 2.7a). By 
mid-September and early October 2006, the intense bloom covered an area extending from the 
coast to >100 kilometers offshore, from South Charlotte Harbor to north of Saint Petersburg, 
covering an area >11,000 km2 (Figs. 2.2c; 2.7b; Table 2.2). The bloom then shrank in extent but 
remained off Charlotte Harbor, and was eventually advected south toward the Florida Keys in late  
 
Figure 2.4. Lagrangian tracks of six particles released at the surface within the delineation of the 
first patch of Case 1 (December 27, 2004, Fig. 2.3a). The particles were allowed to move with the 
IAS-NCOM surface currents until the end of March 2005. The colors represent each particle. 
They were all release on December 27, 2004 (“x” symbol) and stopped on March 31, 2005 (“o” 
symbol). 
Figure 2.5. Delineations for Study Case 2: June 14, 2005 to November 16, 2005.  
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Figure 2.6. Model results showing Lagrangian particle tracks for the WFS during the 2005 
Karenia spp. blooms. a) Ten particles were released June 14, 2002 along the Central WFS. Most 
of the particles were released inside the first delineation in Figure 2.5a.  b) Six particles were 
released inside the delineation of Case 2 (Fig. 2.5a) for August 15, 2005 near -84°W and 29°N. 
The particles were allowed to move with the IAS-NCOM surface currents until the end of 
December 2005 or until they left the study area. The “x” symbol represents the start and the “o” 
symbol the end. Each color is a different particle.  
 
2006 and early 2007 (Figs. 2.2c; 2.7c). The bloom then moved into Florida Strait and was 
advected by the Florida Current. 
The fourth case study selected for Florida was a Karenia spp. bloom that occurred off 
south-central Florida in late 2011. The bloom was initially observed immediately off the beach  
near Venice (located between St. Petersburg and Charlotte Harbor) on September 28, 2011 (Fig. 
2.8). Figure 2.8 shows the ERGB, CHL and FLH images of the Medium Resolution Imaging 
Spectrometer (MERIS), given that MODIS imagery was not available for that day. The bloom was 
visible in the MODIS Imagery near the Venice region on October 1st, 2011 (first delineation, Fig. 
2.9).  The bloom moved south toward Charlotte Harbor and intensified within a week (Figs. 2.9 b-
c). The bloom remained within 1-2 kilometers from the coast, and did not seem to cause major 
problems on local beaches. Favorable upwelling winds were present between October and 
November 2011. The bloom grew in size, likely as a result of added nutrient availability due to  
  
Figure 2.7. Delineations for Study Case 3: July 15, 2006 to February 14, 2007.  
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Figure 2.8. MERIS satellite images for September 28, 2011. A) ERGB. B) CHL. C) FLH. 	  
coastal upwelling during October along the entire western coast of Florida in October and 
November 2011. 
The bloom persisted through November 2011 south of Charlotte Harbor (Fig. 2.9b), 
where it reached a concentration of 38 x107 Cells L-1 in late November. This was one the highest 
counts registered for a WFS bloom. The bloom size did not exceed 3,000 km2 (Table 2.2).  By 
late November the bloom started to slowly move south and eventually out of the WFS by early 
2012 (Fig. 2.9c). The movement and patterns of this bloom were similar to the ones observed in a 
Karenia spp. bloom near Charlotte Harbor in fall 2004 by Hu et al. (2005). 
2.5. Discussion 
Four separate Karenia spp. bloom case studies were examined using satellite imagery 
and in situ Karenia spp. cell count data. Here, I examine the dynamics of the patches in the 
context of other environmental data, including observations on hurricanes, resuspension events 
driven by wind, and river discharge.  
In August and September 2004, Florida was affected by four major hurricanes: Charley, 
Francis, Ivan, and Jeanne. Hu et al. (2006) suggested that the unusual number of hurricanes in 
2004 resulted in higher river runoff and submarine groundwater discharge that initiated and fueled 
the intense HABs of 2004-05.  From a different perspective, Steidinger et al. (1975) hypothesized 
that sediment resuspension events due to high winds over the shelf may be an initiation 
mechanism, and Weisberg et al. (2009), using a numerical model, proposed that the offshore  
Figure 2.9. Delineations for Study Case 4: October 1, 2011 to January 18, 2012 	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bloom observed in late December 2004 was initiated by wintertime resuspension and transported 
inshore by bottom Ekman layer transport.   
Figure 2.10 shows a time series of MODIS-FLH images starting October 26, 2004 and 
ending few days before the initial confirmation of the 2004-05 Karenia spp. bloom. The images 
show a very small bloom in the Panhandle region (29.77°N, -84.05°W) on 26 October (Fig. 
2.10a). Days later, another very distinctive bloom is observed extending off the mouth of the 
Suwannee River (Fig. 2.10b). A patch is then observed moving south in November (yellow arrows 
in Fig. 2.10c-d). On November 17, 2004, the Apalachicola river plume is clearly observed 
reaching the region occupied by this relatively small bloom (Fig. 2.10e). Over the next few days, 
the bloom size increased and the patch continued to move south (Fig. 2.10f). A resuspension 
event was observed on December 15, 2004 (Fig. 2.10g; detected as a line of high FLH extending 
north of Clearwater FL). The bloom then moved south and directly into the area where 
subsequently the initial official observations were made that determined the ‘initiation’ of the 
Karenia spp. bloom in late December 2004 (Figs. 2.10h-i; Case Study 1 described above in 
Results and discussed by Hu et al., 2006, and Weisberg et al., 2009). 
It therefore appears that the bloom started earlier and farther north than recognized to 
date. No in situ samples were available for cell counts, and therefore the situation will remain 
unclear. The “unvalidated” blooms observed near the Panhandle region were also affected by 
hurricanes Ivan and Jeanne in late September 2004. The Apalachicola river plume is also clearly 
observed as far south as 28.5°N, -83.5°W, interacting with the “unvalidated” bloom. The imagery 
confirms the wintertime resuspension event mentioned by Weisberg et al. (2009). The movement 
and expansion of the bloom toward coastal waters of Tampa Bay and south to North Charlotte 
Harbor was observed in the imagery from January to March. The bloom was transported within 
surface waters and was clearly visible in satellite images, while possibly also transported 
shoreward below the surface by Ekman transport into the Tampa Bay region as suggested by 
Weisberg et al. (2009).    
In 2004-2005, the central WFS experienced a major Karenia spp. bloom for a period 
exceeding a year. The bloom was officially identified as a Karenia spp. bloom off Tampa Bay in 
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late December 2004 through cell counts on in situ samples. The area covered by the bloom 
increased nearly eight times the size of the initial patch in December 2004 and January 2005. It 
extended southeast towards the coastal region of Tampa Bay, Sarasota and Charlotte Harbor 
(Fig. 2.3). By March 2005, the area covered by the bloom decreased, and in April it was no longer 
apparent in the satellite imagery. However, phytoplankton cell counts for coastal regions in 
Tampa Bay and adjacent coastal waters, and off Sarasota, showed high concentrations of 
Karenia spp. in subsequent months.  The bloom was observed in satellite imagery again in mid- 
June, and I treat this as our Study Case 2 (Fig. 2.5).  In early July, the WFS was affected by 
hurricane Dennis, which made landfall near Pensacola on July 10th, 2005.  A large bloom of 
confirmed Karenia spp. was observed in the satellite imagery south of Tallahassee (-84.0ºW, 
29.5°N; Fig. 2.5b) on August 15, 2005. This suggested the possibility that the hurricane either 
transported Karenia spp. to the Panhandle region or stimulated an existing population of cells by 
providing nutrients via vertical mixing and upwelling. 
At the end of August 2005, Hurricane Katrina crossed the GOM after causing massive 
vertical mixing of the water column and resuspension of sediments in the WFS. About a week 
after Katrina made landfall in Louisiana on August 29, 2005, the blooms on the WFS extended 
from Charlotte Harbor to Panama City, covering >41,900 km2. This large and extensive bloom 
persisted for over a month and then it diminished in size (~8000 km2), but remained along the 
Florida coasts from Saint Petersburg to Charlotte Harbor until late November, 2005.  
The massive resuspension event caused by Hurricane Katrina off the WFS in 2005 was 
followed by the intensification and expansion of the 2005 Karenia spp. bloom over most of the 
WFS. River discharge, SGD and the injection of nutrients brought to the surface through vertical 
mixing likely led to the initiation and then the intensification of the bloom. Precipitation in Florida 
after the four hurricanes of August and September 2004 led to over 38 cm of rain (Hu et al., 
2005). River flow measured at the Station S79 in the Caloosahatchee River shows very high river 
flow on October 1st, 2004, and very high peaks in July 9, 2005 and November 3rd, 2005 (Fig. 
2.11).  Flow rates were high throughout 2005.  
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Figure 2.10. Sequence of MODIS-Aqua FLH images showing the movement of several 
“unknown” bloom patches before the Karenia bloom in late 2004. 	  
In 2006 and 2011, no major hurricane events affected the WFS directly. The 2006 bloom 
was initially observed in imagery near Charlotte Harbor in mid July. It slowly extended north 
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towards Saint Petersburg and intensified by late August and early September.  The river flow 
measured at the Station S79 in the Caloosahatchee River shows a very distinctive high flow peak 
on August 31, 2006 (Fig. 2.11), as high as the peak observed in July 9, 2005 after Hurricane 
Dennis.  Hurricane Ernesto (August 24 – September 1, 2006) did not reach the WFS, however it 
affected the south Florida region as a tropical storm on August 29. This may have caused the 
peaks in river flow of the Caloosahatchee River on August 31, 2006. This event coincided with 
expansion and intensification of the 2006 WFS bloom off Charlotte Harbor. 
The Karenia spp. bloom that developed off southwest-central Florida in 2011 was first 
observed directly off the mouth of the Venice estuary on September 28, 2011 (Figs. 2.8; 2.9). 
This gauge (station 02298830) showed that three-fold higher river discharge on September 10, 
2011 (Fig. 2.12). The Myakka record is indicative of a large discharge event in all watersheds in 
the immediate vicinity that also discharge into the Venice estuary. The discharge of such 
collected waters from Venice estuary into the adjacent coastal zone may have influenced the  
 
Figure 2.11. Daily Caloosahatchee River Flow measured at Station S79 (South Florida Water 
Management District data) from January 1st, 2004 to January 1st , 2012.  
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formation of the plume observed in the MERIS satellite images. The bloom then moved towards 
Charlotte Harbor, where it intensified. The bloom remained in the Charlotte Harbor region for a 
little over two months when it was advected south and eventually out into the Florida Strait 
current (Fig. 2.9). The maximum area reached by this bloom was 3000 km2, with concentrations 
of Karenia spp. reaching ~38 x107 cell L-1 in late November 2011 near Charlotte Harbor. 
2.5.1. Estimated nutrient requirements of the blooms 
The maximum area of the blooms estimated for 2005 was 42,543 km2 on September 30, 
2005. This is nearly 40% smaller that the area presented in Hu et al. (2006). The difference is 
simply due to the conservative nature of the algorithm used here to automatically detect HABs 
from satellite observations. Vargo et al. (2004) estimated that the mean dissolved inorganic 
phosphorus (DIP) and nitrogen (DIN) requirements to sustain a 3x105 cells L-1 at a division rate of 
~0.2 a day-1 are 7.00 x 10-6 mol m-3 DIP and 1.62 x10-4 mol m-3 DIN.  Here, I used these 
estimates for the calculations and multiply them by the volume of the patch assuming the bloom 
was homogeneous in the first 5m deep (i.e., area of the patch in Table 2.2 multiplied by 5m 
depth) and that the concentration was 3x105 cells L-1.  Results are shown in Table 2.3.  
The minimum estimated requirements for all blooms were within the daily average 
estimate of regional riverine supply of ~1.14 x 106 moles DIN and 0.55 x 106 moles DIP day-1. Our 
estimates support the conclusion of Brand et al. (2007) that land-based nutrients contribute to 
higher Karenia spp. concentrations found in the near-shore blooms off central western Florida. 
Using River discharge data from the Myakka River stream gauge (station 02298830) and total 
nitrogen (TN) data from the Sarasota Water Atlas (station MR2 [27.343°N, 82.157°W], I obtained 
an estimate of the minimum amount of nutrients that could have been contributed to the bloom 
observed in October 2011 by this small river alone. The average TN measure at station MR2 
between September and November 2011 was 0.09 mol m-3 (average from a total of 3 
measurements). The TN concentration was multiplied by the flow data at station 02298830 to get 
mol s-1 of TN. The daily average of TN flux within the Myakka during September was 1.08 x 105 
mol day-1. From Table 2.3, the mean DIN needed to maintain the initial area of 456 km2 observed 
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on October 1st, 2011 was 3.7 x 105 mol day-1. This suggest that the Myakka alone could have 
contributed ~30% of the TN needed by this bloom at that time.  
The satellite images show that two of our case study blooms in 2006 and 2011 intensify 
near the coast, in the vicinity of Venice estuary and the mouth of the Caloosahatchee River. Most 
blooms described for southwest Florida show this pattern as well. I did not test the hypothesis 
that these blooms initiate offshore and are transported inshore by circulation processes  
(Steidinger et al., 1975; Steidinger et al., 1998; Tester and Steidinger 1998; Walsh and 
Steidinger, 2001; Weisberg et al., 2009; among others). The observations in this chapter clearly 
show a consistent pattern of nearshore intensification in the vicinity of the Charlotte Harbor. The 
use of satellite imagery provided a synoptic view of the development of these blooms. While it is 
difficult to observe the very early stages of a bloom (below ~50,000 cells L-1), satellite data 
provide good insight regarding the location where the bloom intensifies to a concentration and 
spatial extension visible to the satellite.  
 
Figure 2.12. Myakka River Flow measured at Station 02298830 (United States Geological 
Survey data) from January 1st, 2012 to December 1st, 2012. 
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Table 2.3. Nutrient calculations using Vargo et al. (2004) DIN and DIP requirements to sustain a 
3 x105 cells L-1 Karenia spp. bloom. The volume was calculated using the area in Table 2.2. 
Case Date 
Bloom area  
[km2] 
Volume  
[109 m3]  
Mean DIN  
[106 mol d-1] 
Mean DIP 
[106 mol d-1] 
1 12/27/04 1360 1.36 1.10 0.05 
1 12/29/04 1382 1.38 1.12 0.05 
1 1/5/05 2868 2.87 2.32 0.10 
1 1/9/05 3790 3.79 3.06 0.13 
1 1/21/05 7874 7.87 6.36 0.28 
1 2/8/05 8585 8.59 6.93 0.30 
1 2/15/05 4055 4.06 3.27 0.14 
1 2/20/05 2319 2.32 1.87 0.08 
1 3/5/05 4727 4.73 3.82 0.17 
1 3/12/05 2072 2.07 1.67 0.07 
1 3/29/05 1606 1.61 1.30 0.06 
2 6/14/05 365 0.37 0.29 0.01 
2 8/1/05 1344 1.34 1.09 0.05 
2 8/15/05 2080 2.08 1.68 0.07 
2 8/24/05 2537 2.54 2.05 0.09 
2 9/9/05 41905 41.91 33.84 1.47 
2 9/30/05 42,543 42.54 34.35 1.49 
2 10/11/05 19907 19.91 16.07 0.70 
2 10/17/05 8586 8.59 6.93 0.30 
2 11/2/05 1564 1.56 1.26 0.05 
2 11/10/05 4029 4.03 3.25 0.14 
2 11/16/05 7144 7.14 5.77 0.25 
3 7/15/06 1108 1.11 0.89 0.04 
3 7/24/06 1590 1.59 1.28 0.06 
3 8/2/06 1008 1.01 0.81 0.04 
3 8/11/06 1500 1.50 1.21 0.05 
3 8/20/06 2611 2.61 2.11 0.09 
3 9/1/06 3317 3.32 2.68 0.12 
3 9/21/06 8136 8.14 6.57 0.28 
3 10/7/06 11305 11.31 9.13 0.40 
3 10/21/06 5272 5.27 4.26 0.18 
3 11/30/06 4804 4.80 3.88 0.17 
3 12/19/06 2048 2.05 1.65 0.07 
3 1/2/07 511 0.51 0.41 0.02 
3 2/14/07 976 0.98 0.79 0.03 
4 10/1/11 456 0.46 0.37 0.02 
4 10/3/11 581 0.58 0.47 0.02 
4 10/5/11 572 0.57 0.46 0.02 
4 10/7/11 763 0.76 0.62 0.03 
4 10/14/11 1118 1.12 0.90 0.04 
4 10/24/11 2776 2.78 2.24 0.10 
4 11/2/11 1030 1.03 0.83 0.04 
4 11/9/11 796 0.80 0.64 0.03 
4 11/15/11 1947 1.95 1.57 0.07 
4 11/17/11 1872 1.87 1.51 0.07 
4 11/22/11 3006 3.01 2.43 0.11 
4 12/6/11 2314 2.31 1.87 0.08 
4 12/31/11 417 0.42 0.34 0.01 
4 1/18/12 516 0.52 0.42 0.02 
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The synoptic scale of these observations allowed us to conclude that meteorological 
events stimulate Karenia spp. Blooms. Hurricanes and storms can contribute to the development 
and maintenance of HABs in several ways:  (1) increase nutrient loading due to high precipitation 
and consequently high river and/or submarine groundwater discharge; (2) mixing, high sediment 
resuspension, and upwelling of deep waters rich in nutrients; and (3) advection and distribution of 
the bloom to other regions.  
Our conclusion is that many HABs on the WFS start near estuarine regions such as off 
Charlotte Harbor. The nearshore waters of the Big Bend, Tampa Bay, and Charlotte Harbor 
regions are influenced by high nutrient loadings from river discharge (Turner et al., 2006; Brand et 
al., 2007; Heil et al., 2007) and also from SGD (Cunningham et al., 2001; Swarzenski et al., 
2006). 
Each case study was unique. The location, size, duration and movement of each patch 
were different. Therefore, it is not possible to propose one single mechanism for the initiation and 
maintenance of these HABs. The relative role of river discharge, nutrient fluxes from estuaries, 
benthic nutrients, vertical mixing and upwelling, and SGD need to be further investigated to better 
understand the HAB phenomena. 
2.6. Conclusion 
Remote sensing HAB detection techniques based on ocean color satellite imagery and in 
situ phytoplankton data were used to delineate the spatial coverage and development of four 
Karenia spp. blooms events in the WFS and one off Campeche, Mexico. The delineations helped 
to visualize the spatial extension of the blooms, their development and intensification, and the 
movement of each patch. Each case study was unique and different, suggesting multiple 
mechanisms for the intensification and maintenance of Karenia spp. blooms. I derive two major 
conclusions from these case studies. 
First, meteorological events such as hurricanes and tropical storms play a role in the 
initiation process and maintenance of these events. These events are accompanied by significant 
precipitation and riverine runoff as well as subsequent submarine groundwater discharges. 
Further, vertical mixing of benthic nutrients toward the surface occurs during large resuspension 
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events. These stimulate massive Karenia spp. blooms such as the one observed in 2005 that 
extended over 40,000 km2 from Charlotte Harbor to Panama City.  
Second, there is a particular preference for HABs on the WFS to develop immediately off 
the Charlotte Harbor region. Blooms were observed starting here, intensifying and then they 
remained there for longer periods. 
This exercise showed the importance and utility of ocean color imagery to get a larger 
spatial view of this type of event and to get a better understanding of their development. Clearly, 
each Karenia spp. bloom behaves very differently. There is likely no single mechanism of nutrient 
input that is the cause of initiation for Karenia spp. blooms. HABs are three-dimensional 
phenomena, so further work should integrate fieldwork, three dimensional circulation models, and 
a better study of meteorological parameters to better understand the movement and development 
of these blooms. 
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Chapter 3: Comparison of Harmful Algal Blooms in Florida and 
Mexico using satellite and field bio-optical observations 
 
3.1. Abstract 
Harmful Algal Blooms (HABs) in the Gulf of Mexico (GOM) are natural phenomena that 
can have negative impacts on marine ecosystems on which human health and the economy of 
some Gulf States depend, both in the USA and in Mexico. Many of the HABs in the GOM are 
dominated by the toxic dinoflagellate Karenia brevis. Non-toxic phytoplankton taxa such as 
Scrippsiella sp. and Rhizosolenia spp., also form extensive and long lasting blooms off the 
Mexican coast that result in massive fish mortality and economic losses, particularly as they may 
lead to anoxia. During fall of 2011, three field campaigns in Mexico were conducted near (1) 
Dzilam de Bravo, Yucatan, (2) Holbox, Quintana Roo, and (3) City of Campeche, Campeche to 
study the optical properties of these blooms. A fourth survey was conducted in October 2011 near 
Charlotte Harbor, Florida, in response to a K. brevis-dominated bloom. In situ bio-optical and 
hydrographic data along with samples for taxonomic identification and enumeration of 
phytoplankton were collected. Three main scenarios were observed in the Campeche Bank 
region: harmful diatom blooms, blooms dominated by Scrippsiella sp., and Karenia spp. blooms. 
From the field data, the shape of chlorophyll-a-specific phytoplankton absorption (aph*(λ)) spectra 
normalized at 443 nm of Karenia spp. and Scrippsiella sp. blooms were different between 450-
500 nm. Scrippsiella sp. blooms showed a distinctive shoulder in the normalized aph*(λ) between 
450-500nm.  This shoulder in Scrippsiella sp. blooms was also observed using the aph*(λ) derived 
using the Quasi-Analytical Algorithm (QAA) from ocean color data.  A new technique to 
distinguish between Scrippsiella sp. and Karenia spp. was developed using the spectral slope 
between aph*(443) and aph*(488) normalized at 443 nm. Karenia spp. blooms had a slope above 
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0.005, while Scrippsiella sp. blooms had a slope between -0.001 and 0.005. The new technique 
was implemented in combination with the Remote Sensing Reflectance-Fluorescence Line Height 
(Rrs-FLH) technique introduced in Chapter One to detect Karenia spp. blooms. The method 
identifies Karenia spp. blooms as those pixels showing both FLH > 0.033 mW cm-2 µm-1 sr-1 and 
Rrs(555) <0.007 sr-1; and helps to eliminate the influence of other constituents such as sediments, 
colored dissolved organic matter (CDOM) and diatoms blooms. The new technique using a 
combination of the spectral slope between aph*(443) and aph*(488) normalized at 443 nm and the 
Rrs-FLH technique successfully distinguished Karenia spp. and Scrippsiella sp. blooms in Mexico 
during the HAB events in 2011. Future work is necessary to gather more Scrippsiella sp. data to 
validate the algorithm during other HAB events and simplify and optimize the technique.	  
3.2.  Introduction 
Large phytoplankton blooms that cause high fish mortality have been documented for the 
West Florida Shelf (WFS) and coastal waters of Mexico in the Gulf of Mexico (GOM) since the 
mid-1600’s (Magaña et al., 2003; Walsh et al., 2006). One of the organisms responsible for these 
Harmful Algal Blooms (HABs) is the dinoflagellate Karenia brevis. K. brevis blooms are frequently 
mono-specific, however other species of the genera Karenia co-exist within the blooms. These 
blooms can be long-lasting and can impact local marine resources and public health off the 
coasts of Florida, Texas, and several states of Mexico (Magaña et al., 2003; Landsberg et al., 
2009; Steidinger, 2009). Blooms of other types of phytoplankton including blooms of diatoms or 
the dinoflagellate Scrippsiella trochoidea are commonly reported off the Northern Yucatan 
Peninsula (Alvarez-Gongora, 2011). Both can lead to massive fish mortality and economic losses 
because of depletion of dissolved oxygen, rather than cell toxicity (Herrera-Silveira et al., 2004; 
Alvarez-Gongora and Herrera-Silveira, 2006). The diversity of HABs in the GOM has not fully 
been explored. In this chapter, I examine some of the different blooms that have occurred in the 
GOM in the past decade. Field and satellite measurements of the optical characteristics of these 
blooms helped developed simple indices to determine the areal extent of a bloom and which 
species may dominate. 
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Karenia spp. had previously not been considered a species responsible for blooms off the 
Yucatan Peninsula. However, concentrations ~200,000 Karenia spp. cells L-1 were reported for 
the first time near Progreso, Yucatan, in August 2011 (Merino-Virgilio et al., 2012). In the last 
decade, increased awareness of the trans-boundary risks associated with these phenomena 
(e.g., Licea et al., 2004; Alvarez-Gongora and Herrera-Silveira, 2006; Mier et al., 2006; 
Hernandez-Becerril et al., 2007; Enriquez et al., 2010; Merino-Virgilio et al., 2012) have promoted 
the bi-national collaboration between scientists from the United States and Mexico with a 
common goal of developing an observing and early warning system for HABs using satellite 
imagery and other oceanographic observations, and ecological models (Soto et al., 2012). 
Several methods have been proposed to identify and monitor Karenia spp. blooms on the 
WFS using ocean color data collected from satellites (i.e., Stumpf et al., 2003; Cannizzaro et al., 
2008; Amin et al., 2009; Tomlinson et al., 2009; see Chapter 1 of this dissertation for more 
information). These methods have not been applied in Mexican waters. During the summer and 
fall of 2011, three field campaigns to study the optical properties of algal blooms in Mexico were 
conducted through a bi-national collaboration of over 20 Mexican and US Institutions (Soto et al., 
2012). The goal of the campaigns was to conduct an analysis of optical properties of these 
blooms and explore the possibility of developing algorithms to distinguish between Karenia 
blooms and other blooms in the region. 
Three main scenarios were observed during the field campaigns in the Yucatan 
Peninsula region: harmful diatom blooms, blooms dominated by Scrippsiella sp., and Karenia 
spp. blooms. This dissertation chapter compares the optical properties of HABs measured in 
those three main scenarios and those of Karenia spp. blooms in the WFS. I review the literature 
of HAB observations off Mexico and discuss results from field campaigns. I then use satellite 
ocean color imagery to show the extent, development, and movement of the blooms that were 
found during the field campaigns off Mexico. Lastly, a new technique to distinguish between 
Karenia spp. and Scrippsiella sp. blooms is presented and tested in three study cases. 
	  72 
3.2.1. Historical reports of HABs in Mexico 
Perhaps the first report of a HAB in GOM waters of Mexico comes from 1648, when fray 
Diego López noted the bad smell from rotting fish reaching the city of Merida, Yucatan, a city 
located within 30 km of the coast (Lopez Colludo, 1688). In 1792, state officials of Veracruz 
banned the sale of shellfish due to high fish mortality and a few human fatalities attributed to 
consumption of contaminated fish (Lerdo de Tejada, 1850). In 1875, a fish kill event and 
respiratory problems in humans and domestic animals were reported in Veracruz (Nuñez Ortega, 
1879). Nuñez Ortega (1879) found that similar events had occurred in 1853, 1861, 1865 and 
1871. Table 3.1 summarizes the dates for similar reports in five of the six Mexican States 
bordering the Gulf. In many cases, the dominant phytoplankton species was not identified. 
Knowledge of the frequency and geography of these blooms is important to help inform the 
public, and this is required for the development of an efficient and cost-effective HAB observing 
system.  
Several phytoplankton species have been reported to cause extensive and potentially 
harmful blooms in the region. A long lasting bloom of Aureoumbra lagunensis (a ‘brown tide’) was 
reported in Laguna Madre, Tamaulipas, in June 1997 (Villareal et al., 2004). A bloom of Noctiluca 
scintillans was observed in February 2005 off Miramar Beach (Rodriguez, 2009). Between the 
years 2005 and 2009 about 50 blooms of Peridinium quinquecorne were reported off Veracruz 
(Baron-Campis et al., 2005; Campos-Bautista et al., 2009; Okolodkov et al., 2010; Ake-Castillo et 
al., 2011). Fish mortality associated with blooms of P. quinquecorne had also been reported in 
Florida after strong runoff events (Florida Fish and Wildlife Research Institute, unpublished data, 
2012). In Veracruz, diatom blooms with high concentrations of Pseudo-nitzschia and Chaetoceros 
are also common and have caused changes in the color of the water (Okolodkov, 2010). 
The State of Campeche experienced high concentrations of Pyrodinium bahamense var. 
bahamense in 2007 and 2008 (Poot-Delgado and Salazar-Novelo, 2009). In 2008 and 2009, 
intense blooms dominated by Coscinodiscus spp., Chaetoceros spp., Rhizosolenia spp. and 
Pseudonitzchia spp. were also reported in this region (GOM-LME, 2010). Off the states of 
Campeche and Yucatan, K. brevis has been historically found at background concentrations  
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Table 3.1. Harmful Algal Blooms in Mexican waters of the GOM. Entries in bold letters are 
confirmed Karenia spp. blooms. 
 
 
(<10,000, e.g., Okolodokov, 2003; Licea et al., 2004; Troccoli-Ghinaglia et al., 2004). However, in 
2011, two Karenia spp. blooms were reported off Yucatan (August, Merino-Virgilio et al., 2012) 
and Campeche (September, Soto et al., 2012). These two events will be examined in more detail 
later in this chapter. The only state for which no K. brevis blooms have been reported to date is 
Quintana Roo, located on the eastern extreme of the Yucatan Peninsula along the margin of the 
northwestern Caribbean Sea. 
After the anecdotal reports from Fray Diego Lopez de Golludo in 1946 in Yucatan, it was 
not until 1961 and 1962 that HABs were reported in Chicxulub and Dzilam bravo (Cortes-
Altamirano et al., 1995), Yucatan. Soviet and Cuban expeditions (1962-1984) observed changes 
in the color of the water in the Campeche Bank in July 1965 (Okolodkov, 2003). These were 
attributed to high concentrations (>1 million cells L-1) of S. trochoidea (Okolodkov, 2003 and 
references therein). Okolodokov (2003) also mentions blooms of K. brevis in the first 10 cm of the 
water column and massive blooms of Thalassiosira subtilis in the Campeche Bank upwelling 
region. S. trochoidea blooms have been associated with fish kills and losses to the fishing  
Tamaulipas Veracruz Tabasco Campeche  Yucatán 
19559,19565, 19615, 
19625, 197413,14, 
19866,9, Oct-Nov 
199716, Oct-Dec 
199916, Oct-Dec 
199916, Oct 200016, 
Oct 2001-Jan 
0215,16, Sep 2009-
Feb 1016 
17922,18533,18613, 
18653,18713,18753, 
19554,19565,19798, 
1994-955, 19978,11, 
199917, Oct 2001-Jan 
200217,18, Oct 
200217,19, 200314,18, 
Oct 2004-Jan 
0516,2005- 200619, Sep 
2009-Jan 201018 
Abr 200213, Sep 
200213, Jul – 
Sep 200513, Apr 
200716, May 
200816, Aug 
200916, Ago 
201120 
196810, 
Sep 201121 
16481, 
1961-19625, 
Aug 201120 
1 Lopez Collogudo, 1688 
2 Lerdo de Tejada, 1850 
3 Nuñez Ortega, 1879 
4 Ramírez-Granados,1963 
5 Cortes-Altamirano et al., 1995 
6 Buskey et al., 1996 
7 Gómez-Aguirre, 1998 
8 Licea et al., 2002 
9 Magaña et al., 2003 
10 Okolodkov, 2003 
11 Licea et al., 2004  
12 Borbolla-Sala et al., 2006 
13 Mier et al., 2006 
14 Cortés-Altamirano and Sierra-Beltrán, 2008 
15 Rodriguez, 2009 
16 GOM-LME, 2010 
17 Okolodkov, 2010  
18 Aké-Castillo et al., 2011;2012 
19 Okolodkov and Blanco-Perez, 2011   
20 Merino-Virgilio et al., 2012 
21 Soto et al., 2012 
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industry in the state of Yucatan (i.e., Altamirano and Sierra-Beltrán, 2008). Licea et al. (2004) 
described a S. trochoidea bloom in 1998 north-east of Holbox as brownish-greenish in color 
during months of July and August. 
At the Center for Research and Advanced Studies (CINVESTAV) of Mexico, the National 
Polytechnic Institute (IPN) began a HAB research and monitoring program in 1998. Over the past 
decade, CINVESTAV has registered over 16 potentially harmful phytoplankton species, including: 
S. trochoidea, Prorocentrum micans, P. Lima, P. mexicanum, Heterocapsa circularisquama, 
Cylindrotheca closterium, Nitzschia longissima var. reversa, and Pseudo-nitzschia delicatissima 
(Herrera et al., 2009). Herrera et al. (2009) divided HABs in this region into coastal (2-3 km from 
the coast) and offshore (5-40 km from the coast). Coastal blooms are dominated by C. closterium 
and N. longissima var. reversa. The offshore blooms are dominated by S. Trochoidea and may be 
associated with the upwelling region of Cabo Catoche (Merino, 1992; 1997; Perez et al., 1999). 
3.3. Data and methods 
3.3.1. Study area and field campaigns 
The research presented in this dissertation chapter focused on blooms that occurred in 
2011 in the Yucatan Peninsula, Mexico (19-22 °N, 86-92 °W) and in the Central and South WFS 
(24-28 °N, 80-83 °W) near Charlotte Harbor (Fig. 1.1). The dates, location and number of stations 
used in the study are summarized in Table 3.2. Figure 3.1 shows the stations for field campaigns 
one to three in Mexico. The color of the symbols represents the date at which the sample was 
collected and the shape represents the dominant taxa or taxon. Figure 3.2 (a-b) shows the 
stations for the field campaign in the WFS.  A list of station identification numbers, coordinates, 
depth, sample depth, and concentration of Karenia spp. is provided in Table A1 (Appendix). 
Optical data collected during a bloom of S. trochoidea on August 24, 2005 in the WFS is also 
discussed here (location: 28.098 °N, 82.974 °W) because relevant bio-optical observations.  
3.3.2. Oceanographic and bio-optical measurements 
Water samples for taxonomic identification and enumeration were collected in 125 mL 
amber high-density polyethylene (HDPE) Nalgene bottles. Samples were preserved with neutral 
Lugol's iodine solution in a proportion of 1:100. The samples were analyzed by personnel  
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Table 3.2. Location, dates and number of stations per campaign. 
Campaign Date Location Stations 
1 27-28 August 2011 Dzilam de Bravo, Yucatán, 
MX 
9 surface 
2 29-30 August 2011 Holbox, Quintana Roo, MX 6 surface 
3 22-24 September 2011 Campeche, MX 15 surface, 1 mid 
depth, 3 bottom 
4 11, 26 October 2011 
23 November 2011 
Charlotte Harbor, FL, US 24 surface 
24 bottom 
 
 
from the HABs Research Group at the Florida Fish and Wildlife Conservation Commission 
(FWC). The identification and enumeration of phytoplankton was done using an Olympus IX71 
inverted microscope following a modified Utermohl method (Utermohl, 1958). Haywood et al. 
(2004) and Steidinger et al. (2008) were used as taxonomic references.  
Discrete water samples were collected at every station to conduct absorption and 
pigment measurements. Samples were collected in HDPE Nalgene bottles and filtered in the lab 
within 8 hours of collection. Discrete bottom water samples were collected by a scuba diver in  
 
Figure 3.1. Map of the Yucatan Peninsula showing stations for three oceanographic campaigns 
conducted in 2011. Symbols show the type phytoplankton community: neritic communities, 
diatom bloom, Karenia spp. dominated bloom, and other dinoflagellate bloom. Colors represent 
the date of sampling. 
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Figure 3.2. Map of the Charlotte Harbor region in the WFS showing location of samples collected 
in 2011 at the surface (a) and bottom (b). Symbols show the type phytoplankton community: 
neritic communities, diatom bloom, Karenia spp. dominated bloom, and other dinoflagellate 
bloom. Colors represent the date of sampling. 	  
Mexico and Niskin bottle in Florida. Samples were store in dry ice until filtration. Filters were 
stored in liquid nitrogen until processed at the University of South Florida. The quantitative filter 
technique (Yentsch, 1962; Kiefer and SooHoo, 1982) and a custom-made spectroradiometer with 
512-channels (350-850 nm) were used to determine particle absorption (ap(λ), phytoplankton and 
detrital) and detrital absorption (ad(λ)). Pathlength elongation was corrected using the β factor 
from Carder et al. (1999). Detrital absorption spectra, ad(λ), were obtained by chemical separation 
using hot methanol (Kishino et al., 1985; Roesler et al., 1989). The phytoplankton absorption 
spectra, aphy(λ), were calculated by subtracting ad(λ) from ap(λ). 
Samples for Gelbstoff (colored dissolved organic matter or CDOM) absorption spectra 
(ag(λ)) were filtered using a Nuclepore TM polycarbonate 0.2 µm filter and processed according to 
the methods of Mueller and Fargion (2002).  The ag(λ) measurement was taken using a Perkin-
Elmer Lambda 18 spectrophotometer with 10 cm pathlength and a wavelength range from 185 to 
900 nm. Chlorophyll-a and phaeopigments concentrations were determined fluorometrically on 
methanol extracts following the method of Holm-Hansen and Riemann (1978) and using a Turner 
Designs 10-AU field fluorometer.  
Particle backscattering measurements near the surface (1m depth) for campaigns one 
and two (Table 3.2) were taken using a WETLabs scattering meter (ECO BBSB-125) at 532 nm.  
Profiles of particulate backscattering were taken in campaigns three and four (Table 3.2) using a 
No  bloom
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WETLabs ECO triplet that measured scattering at 650 nm. The ECO triplet was also equipped 
with two fluorometers, to estimate chlorophyll a and CDOM concentrations. A ~14 meter cable 
was used to deploy the instrument, so the bottom was not reached at all the stations.  
Conductivity-Temperature-Depth (CTD) data were collected using a CTD Diver of Schlumberger, 
a Seabird 19 Plus, and/or a multi-parametric YSI instrument.  
3.3.3. Satellite ocean color data  
Ocean color data from the MODIS-Aqua sensor covering the period May 2011 to 
December 2011 were downloaded directly from the U. S. NASA Goddard Space Flight Center 
(GSFC; http://oceancolor.gsfc.nasa.gov/). Calibrated and atmospherically-corrected, unmapped 
reflectance ‘level-2’ images were downloaded. These NASA ‘level-2’ data contained the following 
products: Chlorophyll-a concentration estimates or CHL (mg m-3; OC4v4; O’Reilly et al., 2000), 
spectral remote sensing reflectance (Rrs (λ), sr-1) at 10 wavelengths, and Fluorescence Line 
Height (FLH; mW cm-2 µm-1 sr-1; Letelier et al., 1996). Files were mapped to a cylindrical 
equidistant projection using the SeaWiFS Data Analysis System (SeaDAS) version 6.1 software 
package. All daily files were merged for the GOM region (18-31 °N and 79 - 98 °W; Fig. 1.1) into 
daily composite products. The final spatial resolution of each product image was 1 km2, for a total 
coverage of 2090 x 1430 km2. To derive Enhanced Red-Green-Blue (ERGB) images, I used a 
green-blue-blue composite of Rrs (λ) at 551, 488, and 443 nm. The ERGB images resemble a true 
color image enhanced to compensate for the brightness of adjacent land and shallow areas.  
3.3.4. HAB detection techniques  
A review of methods used to identify Karenia spp. blooms in the WFS was provided in 
Chapter 1 of this dissertation. These techniques were tested for the blooms observed in 
Campeche off Mexico. The Rrs-FLH technique presented in Chapter 1 was further developed to 
distinguish between Karenia spp. and Scrippsiella sp. blooms. MODIS-derived aph (λ) at 10 
wavelengths were obtained using the Quasi-Analytical Algorithm (QAA; Lee et al., 2002; 2005). 
Three MODIS NASA Level-1-A images (August 26, 2011; September 22, 2011; October 11, 
2011) were processed to Level-2 and mapped using SeaDAS version 6.4. The QAA aph (λ) 
results were calculated using SeaDAS. The aph (λ) data were normalized by satellite CHL to 
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derive the spectral specific phytoplankton absorption (aph *(λ)) and then by aph *(443 nm). The 
slope of the spectral curve between aph* (443) and aph* (488) normalized at 443 nm was 
calculated. The results were combined with the Rrs-FLH technique into an algorithm to distinguish 
Scrippsiella sp. and Karenia spp. blooms. 
3.4. Results 
3.4.1. Phytoplankton community 
Three phytoplankton blooms scenarios were observed during field campaigns in Mexico 
and in Florida in 2011. Figure 3.3 shows the total concentration of phytoplankton per sampling 
station. The total concentration was divided into 4 groups: diatoms, Karenia spp., other 
dinoflagellates (i.e., dinoflagellates excluding Karenia spp.), and other phytoplankton (i.e., 
excluding diatoms and dinoflagellates). The taxonomic counts are provided in Tables A2 and A3 
(Appendix).  Stations off Dzilam de Bravo (1-9; field campaign 1) were dominated by diatoms, 
with a bloom of decaying Rhizosolenia spp. observed at stations 4 and 5. Large quantities of 
dead fish, octopi, and other marine organisms were observed at the surface at those stations. 
 
Figure 3.3. Stacked-bar chart of total phytoplankton concentration at stations sampled in 2011. 
Blue: total diatom concentration; green: other dinoflagellates (without Karenia spp.); yellow: other 
phytoplankton; and red: total Karenia spp. The abscissa shows station number sequentially. 
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The water was colored a bright emerald green, and the smell of decaying fish was strong. High 
concentrations (>35 million Cells L-1) of Attheya sp. were observed at station 7, however no 
marine mortality was noted.  
The stations near Holbox off the northeastern Yucatan Peninsula (10-15; Fig. 3.1) 
showed a mixed phytoplankton community, very similar to that seen off Dzilam de Bravo (stations 
1-9), except that near Holbox high concentrations of coccolithophorids were also seen (stations 
10-14). A bloom dominated by Scrippsiella sp. (>300,000 cells L-1) was found at station 15. 
Mortality of fish was not observed here. From the boat, the crew observed patches in the form of 
filaments of a slight brownish color. The spatial extent and thickness of the filaments were not 
determined. 
Most stations in the Campeche region were dominated by Karenia spp. (Figs. 3.1; 3.3). 
The bloom was located offshore, between 80-100 km. Concentrations of Karenia spp. reached 
3x106 cells L-1 (Station 31). The highest concentrations of Karenia spp. were found in stations 27 
and 29-33. At stations 29-31 (same location but different depths) the Karenia spp. concentration 
was higher near the bottom (16 m). Unfortunately, only a total of four samples were collected 
near the bottom or at a mid depth during campaigns 1 to 3. Anecdotal reports of fish mortality 
were reported few days prior to the field campaign. Little fish mortality and no discomfort due to 
possible noxious aerosols were noted.  
The field campaigns in Florida targeted a bloom of Karenia spp. near the Charlotte 
Harbor region. Samples collected on October 11 and November 23 were dominated by Karenia 
spp. Diatoms dominated the samples from October 26. On November 23, station 67 (surface 
waters) had a concentration of 3x107 cells L-1 of Karenia spp., one of the highest concentrations 
recorded thus far on the WFS. 
3.4.2. Bio-optical properties 
Figure 3.4 shows the chlorophyll-a, phaeopigment concentration, and their ratio at all 
stations. Excluding the high chlorophyll concentration at station 67, the mean chlorophyll-a and 
phaeopigment concentration was 5.7 and 0.53 mg m-3; and the standard deviation 6.7 and 0.37 
mg m-3 respectively. Both chlorophyll-a and phaeopigment were highly variable among stations.  
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The chlorophyll-a concentration in the Rhizosolenia spp. (stations 4 and 5; Dzilam de Bravo) and 
Scrippsiella sp. (station 15; Holbox) blooms was >10 mg m-3. Other stations in Dzilam de Bravo 
and Holbox had chlorophyll-a concentrations between 1.0 and 5.0 mg m-3, with lowest values off 
Holbox. In Campeche, the chlorophyll-a concentration ranged from 0.4 to 32 mg m-3. The stations 
with concentrations of Karenia spp. above 50 x 103 cells L-1 had chlorophyll-a concentrations 
above 3.9 mg m-3 and 70 percent had chlorophyll-a concentrations above 10 mg m-3. In Florida, 
the chlorophyll-a concentration ranged from 0.7 to 102 mg m-3. Sixteen percent of stations off 
Florida had concentration of chlorophyll-a above 10 mg m-3, and all of these had high 
concentrations of Karenia spp. (>7 x 105 cells L-1).  Stations with concentrations of Karenia spp. 
less than 7 x 105 cells L-1 had chlorophyll-a concentration between 2 and 6 mg m-3 and there was 
no distinctive trend with cell counts.  
Phaeopigment concentrations ranged from 0.05 to 2.7 mg m-3 with an average 
concentration of 0.56 mg m-3. Dzilam de Bravo had the highest mean concentration of 
phaeopigments (0.69 mg m-3) while Holbox showed the lowest (0.34 mg m-3). Phaeopigment 
concentrations were high during the blooms of Karenia spp. (e.g., station 67, 2.7 mg m-3) and 
 
Figure 3.4. Chlorophyll-a (bars: left axis) and phaeopigment (circles: right axis) concentration at 
all stations. The abscissa shows station number. 
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during the diatom bloom in Dzilam de Bravo (station 4 and 5, ~1.5 mg m-3). Phaeopigment 
concentrations were also above the mean in stations 57 to 65, where the phytoplankton 
community was elevated and dominated by diatoms (Figs. 3.3; 3.4). No distinctive spatial 
patterns were observed in the chlorophyll-a and phaeopigment ratio.   
To facilitate the interpretation of the absorption spectra for each water constituent, I 
grouped stations by location (Mexico and Florida) and similar phytoplankton assemblages (e.g., 
diatoms, Scrippsiella sp. bloom, low Karenia spp.; Table 3.3). Only surface stations were used for 
the analysis of inherent optical properties. 
Variability in phytoplankton absorption spectra can result from differences in intracellular 
pigments such as chlorophylls, carotenoids, and phycobiliproteins; and from the pigment 
packaging effect and other causes (Bidigare et al., 1989; Bricaud and Stramski, 1990; Hoepfner 
and Sathyendranath, 1991; Ciotti et al., 2002; Bricaud et al., 2004). The pigment packaging effect 
is related to cell size, the concentration of intracellular pigment concentration, and the intracellular 
distribution of pigments (Kirk, 1976; Morel and Bricaud, 1981; Johnsen et al., 1994). All factors 
may cause features in the absorption spectra, and lead to flatter spectra in the case of the 
pigment packaging (Morel and Bricaud, 1981). 
Figure 3.5a shows the mean chlorophyll-a-specific absorption coefficient of phytoplankton 
(aph*(λ)) for each group of stations. Mean aph*(443 nm) ranged between 0.018 to 0.05 m2 mg-1 
[chl-a].  All groups showed absorption peaks between 430 and 460 nm, and at 585 nm, 630 nm, 
and 675 nm.  All Karenia spp. samples in Mexico and Florida presented similar aph*(λ) spectral 
shape, with distinctive peaks at ~433 nm and 460 nm and often a shoulder near 410 nm.   
Two stations featured a bloom of Scrippsiella spp. One of these was in Holbox, with a 
concentration above 3x105 cells L-1 and the other was off Florida in 2005.  The concentration of 
Scrippsiella spp. off Florida was not recorded; however chlorophyll-a was >80 mg m3 and Karenia 
spp. was less than 15x103 cells L-1. To further explore if there was a distinction in the spectral 
shape between the groups, the mean aph*(λ) was normalized by aph*(443 nm) (Figs. 3.5 b-c). The 
aph*(λ) spectra for the Scrippsiella sp. blooms in Florida and Mexico show a broader absorption 
peak between 430 and about 480 nm.  The diatom bloom in Florida had a peak of absorption  
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Table 3.3. Groups of stations used for the analysis of the absorption coefficients. 
Group Stations 
Neritic community (Karenia spp. < 5 X 104, sum other 
dinoflagellates <2 x 105, sum diatoms < 106, others < 106) 
1-3,6,8-14,16-19,22-
24,26,34,51,53,55,71 
Scrippsiella Florida  15 
Scrippsiella Campeche Station August 24, 2005 
Diatom Florida (diatoms > 106) 59,65 
Diatom Dzilam de bravo (diatoms > 106) 4,5,7 
Moderate-high Karenia Campeche (< 105 Cells L-1) 20,25,32,33 
Very high Karenia Campeche (> 105 Cells L-1) 27,29 
Low Karenia Florida (5 x 104 to 104 Cells L-1) 35 
Moderate Karenia Florida (104 to 5 x 105 Cells L-1) 41,43,47,69 
High Karenia Florida (5 x 105 to 105 Cells L-1) 37,39,45,49,75 
Very high Karenia Florida (>105 Cells L-1) 73,77,81 
Extreme Karenia Florida (38 x 106 Cells L-1) 67 
Mixed Karenia Florida (Karenia > 5 X 104, less than 50% 
dominant) 
57,61,63,79 
 
 
near 430 nm and a sharp decrease in absorption towards 550 nm. The diatom bloom in Mexico 
showed 1.5 times lower aph*(λ) near 443 nm than the diatom bloom in Florida and a slight 
shoulder near 500 nm. 
Figure 3.5c shows the mean specific absorption spectra for blooms dominated by four 
major groups: Karenia spp., Scrippsiella sp., diatoms and mixed blooms in Florida and Mexico. 
The normalized aph*(λ) spectra for Scrippsiella sp. in Florida and Campeche showed some unique 
features compared to the other groups. The other groups show normalized aph*(λ) spectra that is 
similar among them except that the “neritic community” doesn’t show secondary peaks at ~585 
and 630 nm. The Karenia spp. blooms have a small but distinct secondary peak at 460 nm.  
The ag(400 nm) ranged between 0.1 and 4.0 m-1 (Fig. 3.6). The maximum ag(400 nm) observed 
was 4.0 m-1 in a Karenia spp. bloom (station 67, 3 x 107 cells L-1). A distinctive shoulder around 
550 nm in the ag(λ) was observed at some of the stations with high concentrations of Karenia 
spp. Figure 3.6b shows the ag(400 nm) normalized at 400 nm. The shoulder near 550 nm is very 
distinctive for some of the stations where Karenia spp. dominated but it was not present at all 
these stations. The ad(400 nm) ranged between 0.04 and 0.16 for most of the blooms (Fig. 3.7). 
Maximum ad(400 nm) was 0.8 m-1 at the extreme Karenia spp. bloom (station 67, 3x 107 cells L-1). 
No distinctive patterns in the detrital absorption spectra were observed between the groups.  
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Figure 3.5. a) Mean phytoplankton absorption coefficient normalized to chlorophyll-a  
concentration for the different phytoplankton scenarios observed during the field campaigns.      
b) Mean phytoplankton absorption coefficient normalized to chlorophyll-a and the absorption 
coefficient at 443 nm for each scenario. c) Summary of average spectra shown separately for 
Campeche and Florida. Stations used for each mean curves are listed in Table 3.3. 	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Figure 3.6. a) ag(λ) for the different phytoplankton scenarios observed. b) ag(λ)  normalized by 
ag(400 nm). Note different scale used for the intense blooms observed off Florida in panel a. 
 
Figure 3.8 shows the relationship between the absorption coefficients and chlorophyll-a. 
This relationship was exponential, of the form: 
a ph, d, g (λ)=A(λ) [Chl]B(λ) , 
where A(λ) and B(λ) are constants derived from the log-transformed data. The data set was 
partitioned in two groups: Karenia spp. bloom (>104 cells L-1) and non-Karenia spp. blooms (i.e., 
everything else). The power functions coefficients A and B and the statistics of all the regressions 
in Figure 3.8 can be found in Table 3.8.  
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Figure 3.7. ad(λ) for the different phytoplankton scenarios observed during the field campaigns. 
 
The aph(443 nm) ranged from 0.03 to 3.4 m-1, and was highly correlated with chlorophyll-a 
concentration (Fig.3.8, r2=0.92, n=55). If the data are partitioned in two groups (below and above 
104 cells L-1 Karenia spp.) to compare directly with the results obtained in Cannizzaro et al. 
(2008), the correlation between chlorophyll-a and the phytoplankton absorption coefficient 
remained strong (r2=0.98). However, the slope at 443 nm was higher for the stations with Karenia 
spp. above 104 cells L-1 (0.99 m-1) than the group with less than 104 cells L-1 (0.71 m-1). The slope 
for stations with Karenia spp. above 104 cell L-1 is different from the slope value of 0.77 m-1 
reported by Cannizzaro et al. (2008) for samples collected in the WFS during 18 cruises in 1999 
and 2001.  
The ag(443 nm) ranged from 0.08 to 4.0 m-1. The correlation between chlorophyll and 
ag(443 nm ) was weaker (~0.61) than the correlations between chlorophyll and ad(443 nm) or 
aph(443 nm) (Figs. 3.8 a-c). Stations with Karenia spp. above 104 cells L-1 had a stronger 
correlation between ag(443 nm) and chlorophyll-a (r2=0.92, n=22), than the stations not 
dominated by Karenia (r2=0.15, n=33). The slopes of the log-transformed data between  
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Figure 3.8. Relationship between chlorophyll-a and a) aph(443 nm), b) ad(443 nm), c) ag(400 nm). 
Colors represent the type of bloom. A circle was used for stations in Florida and a triangle for 
Mexico. Least-squares linear regressions were applied to all stations (solid black line), to stations 
with less than 105 cells L-1 of Karenia spp., including the ones with diatom or Scrippsiella sp. 
blooms (dotted black line), and stations with concentrations of Karenia spp. above 105 cells L-1 
(solid red line). The blue lines represent the exponential relationship found by Cannizzaro et al. 
(2008) in the WFS for waters with Karenia spp. below 105 cells L-1 (dotted blue line) and Karenia 
spp. above 105 cells L-1 (solid blue line).   
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Table 3.4. Coefficients for regressions in Figure 3.8. 
CHL vs.  Stations A B r2 N 
aph(443 nm) All 0.05 0.80 0.92 55 
aph(443 nm) < 104 cells L-1 0.05 0.71 0.99 33 
aph(443 nm) > 104 cells L-1 0.03 0.99 0.98 22 
ad(443 nm) All 0.02 0.47 0.87 55 
ad(443 nm) < 104 cells L-1 0.02 0.55 0.85 33 
ad(443 nm) > 104 cells L-1 0.01 0.68 0.92 22 
ag(400 nm) All 0.21 0.45 0.62 55 
ag(400 nm) < 104 cells L-1 0.21 0.37 0.15 33 
ag(400 nm) > 104 cells L-1 0.21 0.47 0.92 22 
ag(550 nm) All 0.02 0.71 0.60 55 
ag(550 nm) < 104 cells L-1 0.02 0.43 0.14 33 
ag(550 nm) > 104 cells L-1 0.03 0.71 0.88 22 
 
 
chlorophyll and ag(443 nm; Fig. 3.8; Table 3.4) were a factor of two lower than those reported by 
Cannizzaro et al. (2008).  
Figure 3.9 shows three ternary plots that summarize the percentage that each constituent 
(phytoplankton, detrital, CDOM) contributes to the total absorption at 443 nm (Fig. 3.9a), 555 nm 
(Fig. 3.9b), and 675 nm (Fig. 3.9c). In over half of the stations, total absorption at 443 nm was 
dominated by CDOM absorption, while the rest of the stations showed increased phytoplankton 
absorption. No particular trend was observed between different groups of stations. 
Total absorption at stations with Scrippsiella sp. blooms was dominated by phytoplankton 
absorption. Total absorption at 550 nm for 80% of the stations was also strongly influenced by 
CDOM absorption, while the other 20% was dominated by phytoplankton absorption. The total 
absorption at 555 nm for stations with Karenia spp. bloom was mainly dominated by CDOM 
absorption. The total absorption at 675 nm was dominated by phytoplankton absorption for all the 
stations. However, some of the non-bloom stations were still influenced by CDOM absorption at 
this red wavelength (>30% CDOM absorption). 
In Dzilam de Bravo, bbp(532 nm) values ranged from 0.009 to 0.051 m-1 (average = 0.023 
m-1). Maximum values were associates with the stations that had the Rhizosolenia spp. bloom 
(stations 4-5). In Holbox, bbp(532 nm) values ranged from 0.01 to 0.026 m-1 (mean = 0.015 m-1). 
The maximum value was in the Scrippsiella sp. bloom (station 15). In Campeche (campaign 3), 
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Figure 3.9. Ternary plot showing the relative contribution of non-water absorption components 
(detrital, Gelbstoff (CDOM), phytoplankton) at (a) 443 nm, (b) 555 nm, and (c) 675 nm. Colors 
represent the type of bloom at the surface stations. A circle was used for stations in Florida and a 
triangle for stations in Mexico. 
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the bbp(650 nm) values at ~1m depth ranged from 0.001 to 0.026 m-1 (mean = 0.005 m-1). The 
maximum values were observed near the coast (e.g., stations 18 and 21). In Florida (campaign 
4), bbp(650 nm) values ranged from 0.003 to 0.011 m-1 (mean = 0.007 m-1).  
Figures 3.10 (a-b) show the chlorophyll-a and bbp(650 nm) collected in Campeche and off 
Florida. The chlorophyll profile for Campeche shows high peaks of chlorophyll-a near the surface 
at stations 26 to 32. These stations were dominated by high concentrations of Karenia spp. 
Station 31, in Campeche, had the highest concentration (3 x 106 cells L-1) at the bottom (16m), 
but unfortunately the sensor did not reach that depth. Divers that collected the bottom samples for 
taxonomy noticed changes in the color of the water as they swam towards the bottom. The water 
temperatures at the bottom were 3-5 degrees cooler (data not shown). The bbp(650 nm) profile for 
Campeche matched the shape of the chlorophyll-a profile with peaks of higher bbp(650 nm) 
coincident with chlorophyll-a peaks (Fig. 3.10b). Surface bbp(650 nm) was higher at near-shore 
stations (e.g., station 18) were the phytoplankton community was mixed and sometimes 
dominated by diatoms. 
In Florida, chlorophyll-a profiles were more homogeneous vertically, except at station 37-
38, 41-42, and 45-46. Stations 37-38 showed high chlorophyll-a at the bottom (Fig. 3.10c). The 
highest concentrations of Karenia spp. were found generally towards the surface (first meter 
depth), however Karenia spp. were present in bottom samples. The bbp(650) profiles (Fig. 3.10d) 
showed higher values towards the bottom at several stations (e.g., 37-38, 47-50), while bbp(650) 
values at the surface were low for most of the stations (0.001-0.01 m-1).  
3.4.3. Remote sensing and detection techniques 
The evolution and development of the WFS Karenia bloom Fall 2011 was discussed in 
detail in Chapter 2 (Study Case 4). Here, I discuss results from the blooms in Mexico. Figure 3.11 
shows a sequence of MODIS-Aqua FLH images illustrating the development and movement of 
the phytoplankton blooms in the Yucatan Peninsula. The image for July 20, 2011 (Fig. 3.11a), 
shows high FLH near a region of strong upwelling north of Holbox immediately west of the 
Yucatan Channel. The patch of high FLH expands west along the northern coast of the Yucatán 
Peninsula (Fig. 3.11 b-c). The high FLH patches near Holbox persist during the summer, when 
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Figure 3.10. (a-b) Depth profiles of chlorophyll and bbp (650nm) in stations 16-32 in Campeche 
and (c-d) station 35-50 in Florida. 	  
the upwelling intensifies (Merino, 1992; 1997). The high FLH patch near Progreso, Mexico, on 
August 17, 2011 (Fig. 3.11b) shows a bloom reported by Merino-Virgilio et al. (2012) near 
Progreso in which Karenia spp. dominated. By late August, during field campaigns one and two, 
FLH was high near the regions were both Rhizosolenia spp. and Scrippsiella sp. blooms were 
found (Fig. 3.11c). In September and October (Figs. 3.11 d-h), FLH is very high along the coast 
from Holbox to Celestum, as well as in Campeche. This is consistent with mixed blooms reported 
by CINVESTAV in their bi-weekly HAB reports. 
A Karenia spp. bloom was observed in offshore waters of the city of Campeche, Mexico, 
after the passing of tropical storm Nate. Nate was a low-pressure system that formed on 
September 7, 2011 and which remained stationary for two days before moving slowly towards 
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Veracruz with sustained winds of 45 mph. As the storm moved through the region, it caused 
upwelling and deep vertical mixing. This can be observed as cooler temperatures in the Sea  
 
Figure 3.11. Sequence of MODIS-Aqua FLH images that shows the phytoplankton bloom activity 
of Summer-Fall 2011 in the Yucatan Peninsula. 	  
Mixed bloom 
Mixed bloom 
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Figure 3.12. Sequence of AVHRR weekly SST means to show the vertical mixing and/or 
upwelling that occurred after the pass of Storm Nate in September 2011. 
 
Figure 3.13. Sequence of MODIS-Aqua ERGB images to show the development of the Karenia 
spp. bloom in Campeche in September 2011. 	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Surface Temperature images from the Advanced Very High Resolution Radiometer (AVHRR; 
black circle in Fig. 3.12). The storm also led to high sediment resuspension as observed in the 
ERGB images for the Campeche Bank (Fig. 3.13a). 
Days after the storm, a dark water patch was observed in the satellite imagery (Figs. 3.13 
b-c) and mortality of marine animals was reported by fisherman and locals. At the time of the 
sampling, the Karenia spp. bloom was located 80-120 km from the coast (Fig. 3.13d). The brown 
color of the water, as seen from aboard a ship appeared to be similar to that observed in the WFS 
Karenia spp. bloom. No irritating aerosols were noticed.  
The bloom lasted approximately a month. Figures 3.11 (d-h) show high FLH values 
sustained for over a month. The patch remained offshore (80-120 km) until October (Fig. 3.11h) 
and reached 800 to 4000 km2. Fortunately, the bloom did not affect much of the coastal areas, so 
that the impacts on shellfish beds and to the local economy were minimal.  
All HAB detection techniques tested in Chapter One were applied to the Campeche 
Karenia spp. bloom of September-October 2011. The field data were not enough to do a statically 
analysis as intensive as the one in Chapter One, but enough data were available to conduct a 
visual test of the techniques for September 22, 2011. Figure 3.14 shows the output all al the 
methods used (see Table 1.1), including the application of optimization of the algorithms (see 
Chapter One). Also, the new Rrs-FLH technique was applied. 
The Karenia spp. bloom can be observed as dark (black) color waters in the ERGB (Fig. 
3.14). In the bloom offshore, chlorophyll was <5 mg m-3, but it was > 10 mg m-3 along the coast of 
the entire western and northern Yucatan Peninsula. The FLH was very high (>0.1 mW cm-2 µm-1 
sr-1) at the location of the bloom and lower along the coast. While many of the techniques did not 
detect the K. brevis bloom, it was detected by the Rrs-FLH, the Modified bbp (QAA) ratio, spectral 
slope, modified spectral slope, and the modified KBBI-RBD techniques. The spectral slope 
techniques (original and modified through optimization), showed positive for blooms in all coastal 
waters of the region, even when no Karenia spp. were found in field samples. Phytoplankton 
blooms dominated by diatoms were observed within 10 km of the coast during our field campaign 
and by other HAB monitoring groups from the states of Yucatan and Campeche. The other three 
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techniques also identified the blooms in the coastal waters of the northern Yucatan Peninsula. 
These were mixed blooms of Chaetoceros sp., Cylindrotheca closterium, Pseudo-nitzschia spp. 
as reported by CINVESTAV in their bi-weekly HAB reports. However, no Karenia spp. blooms 
were reported in Yucatan during September 2011. The technique that best delineated the region 
with the Karenia spp. bloom and had the less false positives along the Northern coast of the 
Yucatan Peninsula was the Rrs-FLH technique. 
The in situ aph*(λ) normalized at 443 nm showed that blooms of Scrippsiella sp. and 
Karenia spp. had distinctive shapes and different spectral slopes between ~443 nm and 500 nm. 
To test if these differences were also detected in satellite imagery, MODIS aph(λ) data were 
derived using the QAA algorithm. The MODIS aph(λ) data at 10 wavelengths was extracted for 27 
locations. These included 5 Scrippsiella sp. locations, and 16 Karenia spp., 3 diatoms bloom, and 
3 offshore water locations. The five Scrippsiella sp. locations were selected near the region were 
the Scrippsiella sp. bloom was observed in Campeche during field campaign one (Fig. 3.15a) for 
the image of August 26, 2011. The diatom bloom near Dzilam de Bravo, could not be sampled  
 
Figure 3.14. Detection techniques output for field campaign three in Campeche on September 
22, 2011. 
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Figure 3.15. a) Map with the stations used to extract the MODIS aph*(λ) data from two images 
(August 26, 2011 (Scrippsiella sp., diatoms and clear water) and September 22, 2011 (Karenia 
spp. stations)). The stations for the third image are the ones for October 11, 2011 in Figure 3.2a. 
b) Mean aph*(λ) normalized at 443 nm for each group (Karenia spp., Scrippsiella sp., and clear 
waters), except diatoms. c) Slope between normalized aph*(443) and aph*(488) for Karenia spp., 
Scrippsiella sp. and clear water stations. 
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adequately because the satellite data were saturated. Offshore stations were selected manually 
and data were extracted from the image on August 26, 2011 (Fig. 3.15a). Karenia spp. locations 
were the same as stations occupied during in field campaign 3 in Campeche on September 22, 
2011 (Fig. 3.15a) and the stations occupied in campaign 4 on October 11, 2011 (Fig. 3.2a).  
The mean satellite-derived aph*(λ) normalized at 443 nm was different for each group 
(Karenia spp., Scrippsiella sp., and clear waters; Fig. 3.15b). The spectral slope between the 
normalized aph*(443) and aph*(488) was above 0.005 for Karenia spp. stations; below -0.002 for 
clear waters; and between [-0.001 to 0.005] for Scrippsiella sp. stations. Based on these results, 
a technique was developed to distinguish between Karenia spp. and Scrippsiella sp. blooms. 
First, the Rrs-FLH criteria (FLH > 0.033 mW cm-2 µm-1 sr-1, Rrs (555 nm) <0.007 sr-1); Chapter One) 
is used to define a bloom. If the aph slope between 443 and 488 nm is above 0.005, then pixels 
are classified as Karenia spp. If the slope is -0.001 to 0.005, they are classified as Scrippsiella sp.  
The results of the detection technique using the aph slope and the Rrs-FLH are presented 
in Figure 3.16. On August 26, 2011, a Scrippsiella sp. bloom was observed (Figs. 3.1; 3.15a). 
Few pixels were classified as Karenia spp., however I do not have data to confirm if they were 
correctly classified or not. Figure 3.16b shows the output for September 22, 2011, which had a 
Karenia spp. bloom in Campeche (Figs. 3.1; 3.15a). The algorithm also highlighted a large region 
as Karenia spp. in the Northern Yucatan, but no in situ data were available for validation in that 
zone. Figure 3.16c shows the output for October 11, 2011, which had a Karenia spp. bloom in the 
WFS (Figs. 3.2a; Fig. 3.15a). The Karenia spp. bloom was classified correctly. A few pixels were 
classified as Scrippsiella sp., possibly a false detection. 
3.5. Discussion  
Oceanographic and optical data from several field campaigns were used to do an 
assessment of the optical properties of algal blooms in the GOM. Satellite ocean color imagery 
was used to monitor the extension and movement of the HAB in these waters.  In the WFS, 
blooms of Karenia spp. occur on an annual basis, and they are often spatially extensive and 
mono-specific. The regularity of the blooms and their unique spectral characteristics makes it 
possible to testing satellite HAB detection techniques.  
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Figure 3.16. Output of the Rrs-FLH and aph slope technique to distinguish Karenia spp. vs. 
Scrippsiella sp. blooms. Output for a) August 26, 2011, b) September 22, 2011, and c) October 
11, 2011.  
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In the case of the Mexican waters in the GOM, Karenia spp. blooms are frequent, 
especially in the States of Tamaulipas, Veracruz and Tabasco. Karenia spp., blooms were not 
reported until 2011 off Campeche Bank (including the States of Yucatan and Campeche). The 
higher number of reported blooms might be related to increased sampling efforts and awareness.  
However, in ten years of routine monitoring off the Yucatan Peninsula by CINVESTAV, Karenia 
spp. were not reported as blooming species until 2011. This raises the question of whether these 
blooms are expanding into Mexico waters and increasing in frequency. 
Three HABs scenarios were observed in the Campeche Bank region: massive harmful 
diatom blooms, blooms dominated by Scrippsiella sp., and Karenia spp. blooms. The diatom 
bloom observed in Yucatan in early August 2011 caused high mortality of fish, octopus and other 
marine life. Octopi are one of the main fisheries in the region (Arreguin-Sanchez et al., 2000). No 
toxic species were associated with the bloom, however low oxygen conditions can lead to 
mortality. Similar mixed blooms have been reported for 2001, 2003, 2005, 2008 (Alvarez-
Góngora and Herrera-Silveira, 2006; Herrera et al., 2006; Alvarez-Góngora, 2011). The blooms in 
previous years have been dominated by Cylindrotheca closterium, Nitzschia longissima, 
Pyrodinium bahamense var, compressum, and Prorocentrum mexicanum. Off Dzilam de Bravo, a 
diatom bloom was dominated by a decaying bloom of Rhizosolenia spp. CINVESTAV reported 
that the bloom continued to intensify during the following months, while the phytoplankton 
community shifted to other phytoplankton species like Chaetoceros spp., Cylindrotheca sp., 
Pseudo-nitzschia spp., among others. 
Nutrient contributions from groundwater discharge are an important factor stimulating 
near-shore phytoplankton populations, while nutrient inputs from the Yucatan upwelling region 
support blooms in offshore waters (Herrera-Silveira et al., 2004; Alvarez-Góngora, 2011). 
Currents over the Yucatan Shelf are modulated by wind and momentum from the Yucatan 
Current (Enriquez et al., 2010).  Enriquez et al. (2010), using a 2-D dispersion model, showed 
how a patch seeded near Cabo Catoche [~21.60°N, -87.10°W] can travel to the West close to the 
coast to San Felipe [~21.56°N, -88.23°W]. If westward currents are dominant over the continental 
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shelf, the patch may continue to the West along the coast. The patch can also move offshore, 
carried by the Yucatan Current.   
A sequence of MODIS images collected in August-September 2011 (Fig. 3.11) shows a 
bloom near the Yucatan upwelling region long the shelf break north of Yucatan Strait that moved 
west toward the coast and seemed to merge with a coastal bloom. This helps explain why the 
phytoplankton community was similar at Dzilam de Bravo, Holbox, and at coastal areas in 
Campeche. The optical properties of these mixed blooms are likely to be complex and change 
with time as the phytoplankton community evolves and is advected.  
Results from the 2011 field campaigns show three main scenarios with distinctive optical 
properties. The Karenia spp. aph* spectra was consistent with previous results from Millie et al. 
(1997), Craig et al. (2006) and Cannizzaro et al. (2008), and very similar between Campeche and 
the WFS. Phytoplankton absorption spectra of Scrippsiella sp. collected on the WFS and off 
Mexico, six years apart, were also similar. In contrast, aph* spectra of the diatom blooms were 
different for Florida and off Campeche. Both diatom phytoplankton assemblages were different 
(Campeche stations dominated by Rhizosolenia spp. and Florida stations dominated by Pseudo-
nitzschia spp. or Skeletonema sp.; see Tables A2 and A3 in the appendix section).  
I grouped all the stations that did not have a HAB into “neritic communities”. To develop 
HAB detection techniques using satellite imagery, the ultimate goal is to be able to correctly 
classify such areas as not being HABs. The mean absorption spectra for this category showed 
high absorption in the blue and low in the green. This means that a HAB detection techniques 
that uses a low Rrs at 555 nm threshold (i.e., FLH-Rrs technique discussed in Chapter One; Rrs 
(555) below 0.007 sr-1) to discard non- Karenia spp. pixels would discard these waters as non-
HAB.  
The results from the ag(λ) spectra were not as expected for the Karenia spp. bloom 
stations. The spectral peak near 550 nm in the ag(λ) was not documented before. This shoulder 
was observed in almost all the samples in which concentrations of Karenia ssp. were above 105 
cells L-1. The sampling and processing methods were the same as the one used by Cannizzaro et 
al. (2008). It is possible that this spectral feature is related to phycobiliproteins, which can be 
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present in Trichodesmium or cryptophytes, and which has an absorption peak near 550 nm.  
Trichodesmium and cryptophytes were present at locations in Mexico and Florida in low 
concentrations. It is possible that the phycobiliproteins were released by either grazing or cell 
exudation.   
A positive correlation was observed between chlorophyll-a and absorption coefficients for 
phytoplankton (443 nm), detrital (443 nm) and CDOM (400 nm) at the stations that had Karenia 
spp. above 105 cells L-1 (Fig. 3.8, Table 3.4). Cannizzaro et al. (2008), using samples from the 
WFS with the same criteria, found only a strong relationship between the phytoplankton 
absorption coefficients and chlorophyll-a but not between chlorophyll and CDOM absorption. 
Different from the WFS, the region where the Karenia spp. bloom was found in Campeche was 
not heavily affected by river discharge, so the CDOM and detritus are likely covarying with and 
generated by the bloom. The isolation of the bloom in Campeche from any fresh water discharge 
may explain some of the differences.  
The contribution from CDOM to the total absorption was very strong in the blue and 
green wavelengths at over 80% of the stations (Fig. 3.9). The contribution of CDOM was still 
noticeable in the red wavelengths. The total absorption coefficient at 550 nm was also dominated 
by CDOM at stations with Karenia spp. blooms.  The shoulder observed near 550 nm in the 
CDOM absorption spectra significantly contributes to the total absorption and consequently 
decreased the Rrs in the green wavelengths.  
The Karenia spp. blooms observed off Campeche and Florida were both observed at the 
surface. High concentrations were found below the surface to a depth of at least 16 m at one 
station. The bloom in Campeche was observed quickly after the pass of the storm Nate, which in 
its trajectory led to the upwelling of colder waters and high resuspension of sediments. Karenia 
spp. was also reported the previous month in neighboring states (Tabasco and Yucatan; Merino-
Virgilio et al., 2012). It is possible that this earlier bloom may have seeded the bloom off 
Campeche (Figs. 3.10; 3.11). 
The normalized mean aph*(λ) spectra for Scrippsiella sp. and Karenia spp. blooms were 
different. Scrippsiella sp. blooms showed higher normalized mean aph* between 450 to 550 nm 
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than Karenia spp. blooms. Based on the current MODIS data calibration and processing 
algorithms,	  differences between Scrippsiella sp. and Karenia spp. blooms were detectable using 
the MODIS normalized mean aph*(λ) spectra. These differences show potential for the 
development of detection techniques that can distinguish between Karenia spp. and Scrippsiella 
sp. blooms. 
With the recent appearance of Karenia spp. blooms in the Campeche Bank region, the 
need for a detection technique capable of distinguishing these blooms is very important. The 
prototype technique presented here using the Rrs-FLH technique and the slope between 
normalized aph*(443) and aph*(488) showed promising results and distinguished between blooms. 
Noise and possible false detection were not validated due to lack of enough in situ data. The in 
situ data for Scrippsiella sp. blooms was very limited to further evaluate this technique. Future 
work is necessary to gather more in situ information about Scrippsiella sp. blooms. More in situ 
data in the region will allow for improvement of the thresholds in the techniques and possibly 
simplify the technique. 
3.6. Conclusions 
Results from satellite data analyses and field campaigns in coastal and shelf waters of 
the Yucatan Peninsula, Mexico, suggest that there are three general scenarios of large and 
possibly harmful phytoplankton blooms. Specifically: a mixed bloom dominated by diatoms, 
Karenia spp. dominated blooms, and blooms dominated by Scrippsiella sp. These have 
distinctive optical properties.  Karenia spp. bloom off Mexico showed similar optical characteristic 
to those observed in the WFS. A new Rrs-FLH technique (Chapter One) has the potential to 
distinguish Karenia blooms in Mexico, but it fails when there are also Scrippsiella sp. blooms 
present. 
The mean aph*(λ) spectra normalized at 443 nm were different for Scrippsiella sp. and 
Karenia spp. blooms. Scrippsiella sp. blooms showed higher normalized mean aph* between 450 
to 550 nm than Karenia spp. blooms. The prototype technique combines the Rrs-FLH technique 
and a threshold using the slope between normalized aph*(443) and aph*(488). The results clearly 
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show that it is possible to distinguish blooms using satellite imagery; however further work is 
necessary to simplify and improve the techniques presented here.  
There are several knowledge gaps that need to be address to better understand HABs in 
waters off the Yucatan Peninsula. One is improved observations of phytoplankton succession in 
the upwelling regions and downstream.  It will be important to develop better understanding of the 
interaction of shelf waters with waters offshore. Additional and better bio-optical data, including 
field observations of remote sensing reflectance are needed for the various bloom types. Future 
fieldwork in the region should consider a suite of bio-optical measurements, including Rrs, light 
attenuation, HPLC measurements of phytoplankton pigments, and zooplankton assessments. A 
better understanding of the phytoplankton community and the optical properties in the region will 
lead to better detection techniques. 
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Summary and conclusions 
The main two objectives of this dissertation were to evaluate and improved the 
techniques for detection of Karenia brevis blooms and expand their use to Mexican waters, so 
that they can be integrated into a Gulf-wide observing system for HABs. An important goal was to 
better understand the dynamics and evolution of Karenia spp. blooms in the West Florida Shelf 
(WFS) and off Mexico. The dissertation was divided in three main chapters.  
The first chapter is a comprehensive statistical evaluation of five techniques used for 
detection of Karenia spp. blooms. This used a large in situ phytoplankton dataset and ocean color 
data from the MODIS sensor onboard the Aqua satellite. A comprehensive set of metrics (e.g. F-
measure (FM), specificity and sensitivity) were used to evaluate performance of different methods 
across the WFS. Optimization increased the FM for all techniques and reduced the percentage of 
false positives. Maximum FM was obtained by the optimized Red Band Difference-Karenia Brevis 
Bloom Index (RBD-KBBI; 0.63). A new method that is practical for its simplicity identifies Karenia 
spp. blooms as those pixels showing Fluorescence Line Height (FLH) above 0.033 mW cm-2 µm-1 
sr-1 and spectral Remote Sensing Reflectance (Rrs (555)) below 0.007 sr-1. This method 
performed similar to the more complex RBD-KBBI technique. This new, simple approach yielded 
an FM of 0.62 and generated only 3% false negatives.  
The Northern region and Southern regions of Florida represented a challenge for most of 
the techniques due to the high absorption by colored dissolved organic matter (cdom) in the North 
or high reflectance in shallow waters in the South. The RBD-KBBI technique and the new Rrs-FLH 
technique seemed to perform better in these regions as well as in the Central WFS. FLH alone is 
an excellent satellite product for the detection of blooms. During the optimization process, FLH 
was the satellite product helping to reduce false positives, especially those due to dark waters 
associated with high absorption of CDOM in riverine waters.  The use of Rrs (555) helped reduce 
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the problems in regions with high bottom reflectance or resuspended sediment concentration. 
The combination of FLH-Rrs is in theory the same as the RBD-KBBI technique, but it is easier to 
implement and allows for easier adjustment of thresholds. 
The second chapter used ocean color satellite Imagery coupled with Harmful Algal 
Blooms (HABs) detection techniques and in situ phytoplankton data to delineate the spatial 
coverage and development of four Karenia spp. bloom events in the WFS and one in Campeche. 
The delineations helped to visualize the spatial extension of the blooms, their development and 
intensification, and the movement of each patch. Each case study was unique and different, 
suggesting multiple mechanisms for the intensification and maintenance of Karenia spp. blooms. I 
concluded from the case studies that meteorological events such as hurricanes and winter storms 
play a key role in the initiation and maintenance of these events. Mixing of benthic nutrients 
associated with large resuspension events caused by meteorological forcing can fuel massive 
Karenia spp. blooms such as the one observed in 2005 that extended over 40,000 km2 from 
Charlotte Harbor to Panama City. Each Karenia spp. bloom can behave very differently, so a 
single mechanism involving nutrient input cannot be generalized for Karenia spp. blooms. This 
exercise showed the importance and utility of ocean color imagery to get a larger spatial view of 
these types of events and gain a better understanding of their development. Since satellite 
imagery only provides surface observations, further work should integrate additional below-
surface in situ observations, three dimensional circulation models and meteorological parameters 
to get a better understanding of the movement and development of these blooms. 
The main objective of the third chapter was to study HABs in the Campeche Bank, 
Mexico, and explore the potential for the development of detection techniques that can distinguish 
between the three major blooms observed in the region: Karenia spp., Scrippsiella sp., and mixed 
diatoms blooms. Data were collected during three field campaigns in Mexico in 2011 and 
compared with similar data collected in the WFS in 2005 and 2011. This is the very first bio-
optical dataset for the Campeche area of the Gulf of Mexico. The Karenia spp. bloom off Mexico 
showed similar characteristics to those Karenia spp. blooms observed in the WFS in this study 
and also observations published previously. The normalized mean aph*(λ) spectra for Scrippsiella 
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sp. and Karenia spp. blooms were different. Scrippsiella sp. blooms showed higher normalized (at 
443 nm) mean aph* between 450 to 550 nm than Karenia spp. blooms. Based on the current 
Moderate Resolution Imaging Spectroradiometer (MODIS) data calibration and processing 
algorithms, distinctive differences between Scrippsiella sp. and Karenia spp. blooms were also 
observed using the MODIS normalized mean aph*(λ) spectra. The prototype technique presented 
here consisted of a combination between the Rrs-FLH technique developed in Chapter 1 and a 
threshold using the slope between the normalized (at 443 nm) aph*(443) and aph*(488).  
The prototype technique showed promising results and classified the separate blooms, 
but in situ data for Scrippsiella sp. blooms was limited to further evaluate this technique. The 
results clearly show that it is possible to distinguish and separate these blooms using satellite 
imagery; however further work is necessary to simplify and improve these techniques.   
There are several knowledge gaps that need to be addressed to better understand HABs 
in waters off the Yucatan Peninsula. One is phytoplankton succession in the upwelling regions 
and downstream.  Another is to develop a better understanding of the interaction of shelf waters 
with waters offshore. Additional and better bio-optical data, including field observations of remote 
sensing reflectance, light attenuation, High Performance Liquid Chromatography (HPLC) 
measurements of phytoplankton pigments, and zooplankton assessments are needed for the 
various bloom types. A better understanding of the phytoplankton community and the optical 
properties in the region will lead to better detection techniques. 
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Appendix 1: Additional tables  
Table A1. Sampling stations location, depth and cell count concentration of Karenia ssp.   Id	   Date	   Latitude	  (deg.	  N)	   Longitude	  (deg.	  W)	   Bottom	  Depth	  (m)	   Sample	  Depth	  (m)	   Karenia	  spp.	  (cells/L)	  1	   8/27/11	   21.486	   -­‐88.964	   9.5	   1.5	   0	  2	   8/27/11	   21.505	   -­‐89.034	   11.5	   1.5	   0	  3	   8/27/11	   21.527	   -­‐88.773	   8.5	   1.5	   0	  4	   8/27/11	   21.447	   -­‐88.836	   5.2	   1.5	   0	  5	   8/28/11	   21.417	   -­‐88.874	   3.3	   1.5	   667	  6	   8/28/11	   21.497	   -­‐88.699	   4.7	   1.5	   0	  7	   8/28/11	   21.567	   -­‐88.661	   7.3	   1.5	   0	  8	   8/28/11	   21.654	   -­‐88.628	   11	   1.5	   0	  9	   8/28/11	   21.612	   -­‐88.773	   11.5	   1.5	   0	  10	   8/29/11	   21.607	   -­‐86.855	   30	   1.5	   0	  11	   8/29/11	   21.765	   -­‐87.008	   15.5	   1.5	   0	  12	   8/29/11	   21.822	   -­‐87.208	   19.5	   1.5	   333	  13	   8/30/11	   21.766	   -­‐87.145	   7.8	   1.5	   0	  14	   8/30/11	   21.812	   -­‐87.324	   20	   1.5	   4000	  15	   8/30/11	   21.684	   -­‐87.394	   14	   1.5	   1933	  16	   9/22/11	   19.613	   -­‐90.850	   8	   1.5	   333	  17	   9/22/11	   19.615	   -­‐91.066	   14	   1.5	   12600	  18	   9/22/11	   19.804	   -­‐91.163	   23.8	   1.5	   0	  19	   9/22/11	   20.070	   -­‐91.279	   23.4	   1.5	   0	  20	   9/22/11	   20.087	   -­‐91.028	   16	   1.5	   340900	  21	   9/22/11	   20.087	   -­‐91.028	   16	   16	   17266	  22	   9/22/11	   20.096	   -­‐90.722	   6	   1.5	   4300	  23	   9/22/11	   19.851	   -­‐90.877	   9.8	   1.5	   11600	  24	   9/23/11	   19.839	   -­‐90.874	   10.2	   1.5	   30900	  25	   9/23/11	   20.413	   -­‐91.112	   20.7	   1.5	   280600	  26	   9/23/11	   20.611	   -­‐91.190	   26	   1.5	   22300	  27	   9/23/11	   20.481	   -­‐91.147	   22.2	   1.5	   2099300	  28	   9/23/11	   20.481	   -­‐91.147	   22.2	   22	   132000	  29	   9/23/11	   20.322	   -­‐91.071	   16.9	   1.5	   1628000	  30	   9/23/11	   20.322	   -­‐91.071	   16.9	   8	   1673633	  31	   9/23/11	   20.322	   -­‐91.071	   16.9	   16	   3622933	  32	   9/24/11	   20.357	   -­‐91.070	   17	   1.5	   546900	  33	   9/24/11	   20.340	   -­‐91.049	   18.9	   1.5	   141633	  34	   9/24/11	   20.214	   -­‐90.987	   13	   1.5	   2300	  35	   10/11/11	   26.8029	   -­‐82.3248	   8.8	   0	   92334	  36	   10/11/11	   26.8029	   -­‐82.3248	   8.8	   8.8	   10000	  37	   10/11/11	   26.7675	   -­‐82.4088	   13.7	   0	   586933	  38	   10/11/11	   26.7675	   -­‐82.4088	   13.7	   13.7	   166933	  39	   10/11/11	   26.7353	   -­‐82.4941	   16.7	   0	   1321200	  40	   10/11/11	   26.7353	   -­‐82.4941	   16.7	   16.7	   493600	  41	   10/11/11	   26.7003	   -­‐82.5788	   20	   0	   154233	  42	   10/11/11	   26.7003	   -­‐82.5788	   20	   20	   149233	  43	   10/11/11	   26.5797	   -­‐82.4357	   18.5	   0	   302233	  44	   10/11/11	   26.5797	   -­‐82.4357	   18.5	   18.5	   82900	  45	   10/11/11	   26.6509	   -­‐82.4000	   14.4	   0	   2991900	  46	   10/11/11	   26.6509	   -­‐82.4000	   14.4	   14.4	   601200	  47	   10/11/11	   26.6160	   -­‐82.3023	   11.2	   0	   159500	  48	   10/11/11	   26.6160	   -­‐82.3023	   11.2	   11.2	   122233	  49	   10/11/11	   26.6956	   -­‐82.3353	   11	   0	   633566	  50	   10/11/11	   26.6956	   -­‐82.3353	   11	   11	   205966	  51	   10/26/11	   26.7981	   -­‐82.3309	   10	   0	   2000	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Table A1. Sampling stations location, depth and cell count concentration of Karenia ssp. 
(Continuation)  Id	   Date	   Latitude	  (deg.	  N)	   Longitude	  (deg.	  W)	   Bottom	  Depth	  (m)	   Sample	  Depth	  (m)	   Karenia	  spp.	  (cells/L)	  52	   10/26/11	   26.7981	   -­‐82.3309	   10	   9.6	   1333	  53	   10/26/11	   26.7827	   -­‐82.4161	   12.5	   0	   1333	  54	   10/26/11	   26.7827	   -­‐82.4161	   12.5	   12.5	   1300	  55	   10/26/11	   26.6142	   -­‐82.3831	   13.5	   0	   14267	  56	   10/26/11	   26.6142	   -­‐82.3831	   13.5	   13	   1333	  57	   10/26/11	   26.5086	   -­‐82.3276	   12.3	   0	   722600	  58	   10/26/11	   26.5086	   -­‐82.3276	   12.3	   12.1	   31300	  59	   10/26/11	   26.4044	   -­‐82.2678	   11.6	   0	   12600	  60	   10/26/11	   26.4044	   -­‐82.2678	   11.6	   10.6	   44333	  61	   10/26/11	   26.4319	   -­‐82.2227	   9.9	   0	   208300	  62	   10/26/11	   26.4319	   -­‐82.2227	   9.9	   9.6	   74633	  63	   10/26/11	   26.5437	   -­‐82.2592	   8.7	   0	   81600	  64	   10/26/11	   26.5437	   -­‐82.2592	   8.7	   8.3	   17633	  65	   10/26/11	   26.6528	   -­‐82.3046	   9.4	   0	   4334	  66	   10/26/11	   26.6528	   -­‐82.3046	   9.4	   9.2	   667	  67	   11/23/11	   26.3870	   -­‐81.9982	   6.0	   0	   30448000	  68	   11/23/11	   26.3870	   -­‐81.9982	   6.0	   6	   60933	  69	   11/23/11	   26.3683	   -­‐82.0626	   7.6	   0	   283300	  70	   11/23/11	   26.3683	   -­‐82.0626	   7.6	   7.6	   73200	  71	   11/23/11	   26.3556	   -­‐82.1370	   13.4	   0	   41200	  72	   11/23/11	   26.3556	   -­‐82.1370	   13.4	   13.4	   181300	  73	   11/23/11	   26.2590	   -­‐82.1369	   6.9	   0	   3482500	  74	   11/23/11	   26.2590	   -­‐82.1369	   6.9	   6.9	   108566	  75	   11/23/11	   26.1605	   -­‐82.1353	   17.2	   0	   899233	  76	   11/23/11	   26.1605	   -­‐82.1353	   17.2	   17.2	   47566	  77	   11/23/11	   26.0553	   -­‐82.0531	   15.1	   0	   1936000	  78	   11/23/11	   26.0553	   -­‐82.0531	   15.1	   15.1	   95867	  79	   11/23/11	   26.1373	   -­‐82.0531	   13.4	   0	   586500	  80	   11/23/11	   26.1373	   -­‐82.0531	   13.4	   13.4	   54266	  81	   11/23/11	   26.2033	   -­‐81.9774	   12.9	   0	   1155900	  82	   11/23/11	   26.2033	   -­‐81.9774	   12.9	   12.9	   70799	  
	  
	  
	   	  
	  	  	  	  	  
Table A2. Taxonomy results for all the stations in Mexico. 
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Table A3. Taxonomy results for all the stations in Florida. 
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